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ABSTRACT 


A  preliminary  iin cstigaiion  oi  the  prej'aratien  and  properties  ot  ecllu* 
lose  nifraf»'-aeefate  mixed  esters  was  ton.lueted.  Ihese  mixed  esters  can 
be  prepared  in  a  wide  range  of  anu>unts  of  substitution  of  both  acetate  and 
nitrate  pioups  either  thremgli  acetylation  of  cclluhtse  nitrate  or  nitration 
ed  cellulose  acetate.  Tlie  depree  of  polymerization  of  the  products,  as 
e'stimated  from  viscosity  data,  shows  the  occurrence  of  chain  degradation 
for  both  procedures.  The  hygroscopic ity  of  the  cellulose  nitrate-acetate 
esters  was  found  to  be  a  linear  function  o'  total  substirut ion.  Films  pre¬ 
pared  from  these  mixed  esters  showed  tensile  strength  at  least  comparable 
to  that  of  films  of  cellulose  nitrate  or  cellulose  acetate.  The  impact  sensi¬ 
tivity  of  the  mixed  esters  \aried  from  b  to  18  inches  for  a  J-kilogram 
weight  depending  on  the  substitution  oi  nitrate  groups. 

The  results  of  the  Taliani  heat  stabilu\  test  siiowed  inconsistene ies. 
which  are  discussed.  Under  the  conditions  of  the  explosion  temperature 
test,  the  mixed  esters  decomposed  violently  without  igniting.  However, 
the  minimum  decomposition  temperature  appears  to  he  the  same  as  for 
similarly  substituted  cellulose  nitrate.  8ome  mechanistic  speculations  ate 
advanced  to  explain  the  kinetics  preceding  ignition  or  decomposition, 

CONCLUSIONS 


The  cellulose  nitrate-acetate  mixed  esters  may  offer  d-  tiniie  alvantages 
over  cellulose  nitrate  when  considered  for  use  either  in  propellant  formu¬ 
lations  or  in  the  manufacture  of  combustible  cartridge  cases,  lor  both 
types  of  application,  the  nitratc-acttate  mixed  esters,  with  their  relaiivclv 
high  sluggishness  to  impact  detonation  ((■>  to  IS  inches  as  compand  to 
■i  inches  for  ccliuiose  nitrate  of  military  interest),  would  ceriainly  be 
attractive  from  a  safetv  point  of  view,  la  aiblition,  their  resisiaiue  to  igni- 
iion  might  prove  to  be  an  interesting  feature  for  some  parinular  appliea- 
lion.  ’i.ith  regar.l  to  other  properties  ex.imincd  i'  this  preliminarv  stiiiy, 
sut  li  as  iiygrosLopic  i tv,  lieat  stability,  in  1  tensile  stn  ngih,  anv  irr.provt  - 
ment  o\er  cellulose  nitrate  woul  1  be  sumewli.ii  marginal.  Unly  with  uspeii 
to  tile  iieat  of  i  xpl('sion  an  1  resi  liie  on  ignitu'ii  ii'  tlu*  .liiulosi  niir.m- 
.uetate  mixed  esm.s  show  limit.mons  m  v.t>mpiiison  wiih  ri  Huivts!.  fsui.m  . 
it  is  realized,  however,  ihar  soiiii’  v>'  the  results  presenti.i  m  rhis  werk  .U) 
poten ti.ii  1\'  siibietl  to  future  revision.  lime  ii  1  not  ,i!!ow  .i  tlu>'ough  .tu  i\ 
of  the  various  properties  i  xamined.  Su^h  .in  ituiravor  con!  i  not  1h  ..  onti  m- 
pl.itei  at  tiiis  time,  bor  propertiis  such  ,i^  ti-nsile  strength,  iinp.i.  t  si  iisi- 
tivitv  .  lu  It  siabilitv,  and  mper.itiire  ot  i  xplosti'n,  ,i  l.irgt  :uim!H.r  sM 


i 


oxpcrimcTUs  must  be  conductcJ  to  achieve  a  reasonable  degree  of  confi-  - 
jcnce.  The  limited  number  of  determinations  undertaken  in  this  study  can 
only  suggest  trends  rather  than  serve  as  a  basis  for  definitive  conclusions. 

Both  methods  of  preparation  of  the  cellulose  nitrate-acetate  mixed  ester.s 
i.e.,  acetylation  of  cellulose  nitrate  and  nitration  of  cellulose  acetate, 
have  been  shown  to  have  enough  merit  to  warrant  further  work  toward  the 
achievement  of  optimum  conditions.  With  regard  to  the  nitration  of  cellulose 
acetate,  as  is  suggested  under  "Discussion  of  Results,  ’’  one  possible 
means  of  reducing  the  degraJativc  processes  might  be  through  the  use  of 
cellulose  triacetate  as  the  starting  material.  Other  nitrating  agents  such 
as  the  complex  boron  trifluoride-nitric  acid,  or  a  nitrating  mixture  known 
not  to  produce  degradation  (such  as  the  phosphoric  acid-phosphorus  pent- 
oxide-nitric  acid  mixture)  could  be  considered. 


RECOMMENDATIONS 

On  the  basis  of  the  information  gathered  from  this  study  as  well  as  the 
results  obtained  at  other  laboratories  in  the  past,  the  authors  would  recom 
mend  that  cellulose  nitrate-acetate  mixed  esters  be  seriously  considered 
and  further  evaluated  for  possible  application  either  as  propellant  ingredi¬ 
ents  or  in  the  manufacture  of  combustible  cartridge  cases. 


INTRODUCTION 


III  flic  manufacture  ul  solid  propcllniits,  cellulose  nitrate  occupies  a 
place  of  unique  importance.  As  a  himii  r.  it  has  sliov.n  Cft-ftt  versatilitv 
and  even  '.vitli  the  more  complex  formulations-  recentiy  Jevelcped.  cellu¬ 
lose  nitrate  has  heen  effective  in  producing'  a  hopaoceiieous  train  with 
sutisfactorv  mechanical  properties  over  a  wije  ranqe  c't  titiiperatures . 
Another  feature  that  makes  cellulose  nitrate  attractive  tor  use  in  propel¬ 
lant  formulations  is  its  hith  oxygen  content;  in  this  respect,  it  can  he 
properly  classed  among  the  few-  high  energy  binders  so  tar  discovered. 
However,  during  rer  vears.  the  immense  efforts  directed  towards  tl.e 
devclopmcnt  of  new  propellants  and  the  distoverv  of  a  \  aricts  of  new 
applications  has  tightened  the  requirements  which  propellant  binders  must 
meet.  Already  cellulose  nitrate  has  shown  inadequacy  in  n.cetitig  some  of 
these  requirements. 

For  exan-ple.  in  some  new  applications  the  toughness  of  cellulose  ni¬ 
trate  based  propellants  has  been  inadequate,  in  other  instances,  thei; 
dimensional  stability  with  temperature  changes,  either  during  ceding  or 
sunpiy  under  standing  conditions,  failed  to  meet  the  required  specifica¬ 
tions.  In  addition,  it  has  bc-en  shown  that,  in  the  manufacture  of  propel¬ 
lants  containing  solid  contents  in  excess  of  60  p  by  weicht.  cellulose 
nitrate  does  not  possess  the  necessary  binding  characteristics  to  produce 
a  grain  of  acceptable  mechanical  properties. 

.'some  of  these  dilficulties  were  partialK  resolved  through  the  addition 
of  cross-linking  agents  in  the  cellulose  nitrate  based  lormulations.  whieh 
resiiUeJ  in  an  increase  in  loughntss,  dimensional  stabilite  .  .-lui  binding 
power  of  the  cellulose  nitrate.  .As  would  be  anticipated,  however,  the  use 
of  cross-linking  agents,  although  very  promising  at  this  stage  of  develop¬ 
ment.  does  create  neev  problems  and  certainly  much  iiu>rc  work  is  needed 
bc'loie  this  approach  becomes  commoiih  accepted.  I  his  is  not  sutprisine 
when  i>ne  consi  lets  that  through  cross  linking  new  chemical  boiuis  atc 
toriiie.i  which  iiiav  sometimes  change  the  ideniitv  of  the  binder  jiid  destro\ 
some  ol  its  desir.ihle  propi'rtii  s. 

\'er\  little  .iMention  h,is  bc'-n  gc.i  n  to  cheniu.il  nu'ditic.iiion  o*  ,t  llu- 
iose  nitrati  as  a  means  ol  impiovini;  its  phv  -u  .il  an  !  iiu  ^  li.mic.i!  proper¬ 
ties.  !'  is  (.ertain  ’'lai  repluini’  the  resi  e.;al  lu  drow  lu  tuiu  iioiis  b\  siu  h 
groups  as  •  .lefs,  i-thefs  .md  .ucf.iis  ■  lu'uld  signilu  .intlv  atlei  t  tiu  prop¬ 
erties  of  cellulosi,’  nitr.iie.  .Mthoiigli  it  would  be  lillieiilt  to  'pie  iu  i  tin 


dirccnon  of  the  chanpes  in  these  properties,  it  -AivaiJ  nevertheless  seem 
justliiei  that  some  effort  be  e.^petided  the  sta  Iv  of  these  veilulose 
derivatives.  (  onsequeiitly,  an  investigation  of  the  synthesis  and  proper¬ 
ties  uf  several  eeilulose  mixed  esters  was  initiated  in  this  laboratorv, 
wuh  cellulose  nitrate-acetate  as  the  first  derivative  submitted  to  our 
scrutiny. 


.A  coniprehe  ive  literature  survey  on  cellulose  nitrate-acetate  mixed 
esters  was  underta'-en  covering  the  period  1000  to  the  present  time.  In 
order  to  disseminate  this  information,  the  significant  aspects  of  this  sur- 
vcv  were  organized  into  a  summarv  which  is  presented  in  the  next  several 
pages. 


LITERATURE  SURVEY 


During  the  lOOO— 19  i0  period,  the  needs  of  the  film  industry  for  a  less 
flammable  and  more  stable  film  stimulated  research  towaiils  the  modifica¬ 
tion  of  cellulose  nitrate.  It  was  felt  that  this  could  be  accompiished 
through  acetylation  of  cellulose  nitrate.  The  preparation  of  cellulose 
nitrate-acetate  mixed  esters  was  apprv^achtd  from  2  number  of  directions. 
The  simultaneous  nitration  and  acetvlation  of  cellulose  was  attempted  bv 
Kruger  fRef  sT  This  failed  to  give  the  e.xpected  nitrate-acetate,  only  the 
nitrate  being  obtained.  Kvidcntlv.  under  the  conditions  emploved  by  this 
author,  the  acetic  anhydride  acted  as  a  dehydrating  agent  only.  If.  on  the 
other  hand,  the  nitric  acid  concentration  in  the  esterification  mixture  was 
kept  very  low  fapproximatelv  dTh  only  cellulose  acetates  were  produced 
•  Ref  1).  In  a  British  patent  was  issued  claiming  the  successful 

preparation  of  cellulose  nitrate-acetate  bv  reacting  anhydrous  cellulose 
at  room  temperature  with  a  mixture  of  .acetic  and  nitric  acids  fRef  6). 
However,  this  is  the  only  reported  evidence  for  the  preparation  of  the 
mixed  nitrate-acetate  ester  in  a  single  operation.  One  year  later,  in  19^*^. 
(^entola  concluded  after  fruitless  attempts  tha:  the  synthesis  cl  the  mixed 
ester  in  a  single  step  from  cellulose  is  improbable  (Ret 


d  more  promising  method  consisting  'n  the  n'tration  of  cellulose  tri¬ 
acetate  was  recommended  by  K.aetschet  (Ref  I'll  in 

(  entola  (Ref  in  reported  the  successful  preparation  of  the 

nitrate-acetate  mixed  ester  through  the  nitration  of  cellulose  at  etate.  This 
author  claimed  that  this  approach  lea  Is  ti>  homogeneous  products.  Mcme 
recentlv,  (lia  and  Mancini  (Ref  H )  I'f  the  I’niversitv  of  Turin,  Italv .  in  the 
ei'urse  of  their  stu  iv  on  cellulose  esters,  prepared  the  nitratc-ae t  t.ite  by 


) 


reacting  a  mixture  of  cotton  and  cellulose  acetate  in  a  ratio  of  i  to  i  aith 
nitric  acid  and  sulfuric  aci^.  The  product,  which  contained  iO.sO'r  nitrogen 
and  4.71^  acet\  1  group,  was  shown  to  have  greater  thermal  stabilitv  than 
either  cellulose  nitrate  or  a  mixture  of  cellulose  nitrate  and  cellulose 
acetate. 

By  far  the  most  explored  method  for  the  nitrate-acetate  svnthesis  has 
been  through  acetvlation  of  cellulose  nitrate.  It  was  reasoned  that  since 
nitrate  groups  are  more  resistant  to  hydroivsis  by  acids  than  are  acetate 
groups,  acetylation  of  cellulose  nitrate  should  be  favo.^eJ  over  nitration  of 
cellulose  acetate.  .As  earlv  as  1919.  Kaetschet  (Ret  l‘'f  recommended  this 
method.  In  l^^O  Kruger  (Ref  3)  investigated  this  method  and  reported  that 
cellulose  nitrate  of  a  high  nitrogen  content  is  resistant  to  acetylation 
mixtures  containing  sulfuric  acid.  In  the  same  paper,  he  also  reported  that, 
if  use  is  made  of  cellulose  nitrate  containing  11*7  nitrogen  or  less,  acety¬ 
lation  proceeds  more  readilv.  It  was  also  observed  that,  in  this  latter 
instance,  denitration  becomes  significant  and  it  was  suggested  by  the 
author  that  denitration  tray  have  promoted  acetylation.  Berl  and  Smith 
(Ref  6)  acetylated  cellulose  nitrate  containTng  12.4*7  and  12. 9^  nitrogen 
and  obtained  products  containing  between  2.64*7  and  4.19*7  nitrogen  and 
i“.~4‘'f  to  34.647  of  combined  acetic  acid.  Kvidentlv  the  conclusions 
reached  bv  Kruger,  mentioned  above,  are  valid  onlv  for  one  set  of  condi¬ 
tions.  The  apparent  contradiction  between  the  results  of  Kruger  and  Berl 
IS  explained  in  the  work  of  .Atsuki  (Ref  who  found  that  the  larger  the 
amount  of  sulfuric  acid  in  the  acetvlating  mixture  the  greater  the  denitra¬ 
tion  and,  as  a  result,  acetylation  proceeds  further.  .Atsuki’ s  results  were 
verified  by  a  team  of  Japanese  chemists  (Ref  10)  in  10^0.  C  omparable 
results  were  reported  in  BH8  in  a  German  patent  (Ref  '■)).  C  ellulose  nitrate 
containing  127  nitrogen  was  acetylated  bv  acetic  anh\dri  jc  in  the  pres¬ 
ence  of  sulfuric  acid.  The  product  anaK/.t d  for  1.407  nitrogen.  30.287 
acetic  acid  and  combincvi  sultaric  acid. 

.As  a  whole,  these  investigations  indicate  that  a  large  rumber  of  nitrate 
groups  in  eelliilose  nitrate  were  hvdroiV?;ed  durint;  acetvlation.  Since  both 
tree  and  regenerated  hvdrox\!  groups  were  acctvlateJ  in  the  final  product, 
it  may  rcastmablv  be  assumed  diat  denitration  preccvies  .acetvlation  in  the 
sequence  of  events.  In  I0S(),  O.miloc  (Kef  12i.  in  the  ccnirse  of’  stud.ic^ 
cm  eellulosi'  ni trate-aeetate  mxed  esters,  'ported  the  reactu'n  of  cellu¬ 
lose  nitrate  with  acetic  acid  and  ‘>ulturic  aei  i  in  a  ratio  3  to  1. 

Since  the  presc'iice  ef  '^ulfuric  acid  in  the  acetvlation  rnixturc'  ap- 
parc'ntly  re  spitnsi  bit  tor  the  occurrence  of  Jeiiitr.itUMi,  and  (bido  (Kc'f  S'  :n 


conducted  the  acttvlatioo  of  celluiobe  nrrate  with  boilint;  acetic 
anhydride  alone.  Another  modification  of  the  method  of  acetylation  was 
reported  in  1040  in  a  French  patent  (Ref  Ilf  whith  described  the  prepara¬ 
tion  of-cellulo'.e  n itrate-accf ate  mixed  esters  bv  reacting  cellulose  nitrate 
with  acetic  acid  or  acetic  anhydride  in  the  presence  of  lithium  acetate 
instead  of  sulfuric  acid.  A  lew  more  publications  in  the  literature  vyere 
found  to  deal  with  cellulose  nitrate-acetate  mixed  esters.  Howeyer.  since 
their  sviithctic  approaches  did  not  differ  from  those  already  discussed, 
they  will  not  l>e  mentioned  here. 

It  seems  to  be  the  con  census  that  cellulose  nitrate-acetate  mixi  d  esters 
have  many  properties  which  differ  markedly  from  those  of  either  cellulose 
nitrate  or  cellulose  acetate  or  a  physical  mixture  of  these  txvo.  Relatiyelv 
high  tensile  strength  and  goexi  thermal  stability  have  been  reported 
(Fcf  14)  for  the  nitrate-acetate  mixed  esters.  They  have  been  used  in  pro¬ 
pellant  applications  as  a  gelatinizcr-stabilizer.  Replacing  the  residual 
hydroxyl  groups  in  cellulose  nitrate  by  acetyl  groups  docs  improve  the 
dissolving  power  of  the  polymer  in  a  variety  of  common  plasticizers,  llow- 
evcf,  other  c.stcr  groups  beside  the  acctvl  have  been  shown  to  increase 
the  compatibility  of  the  polymer  towards  conventional  plasticizers.  The 
same  behavior  was  found,  for  example,  with  cellulose  nitrate-iaurate  and 
cellulose  nitrate-palmitatc.  which  were  prepared  hv  Gault  and  Hhrman 
(Ref  2)  in  192~.  Although  cellulose  nitrate-acetates  have  been  found  to 
possess  good  thermal  stahilitv.  it  has  l>een  noticed  that,  on  storage,  they 
develop  acidity  more  rapidly  than  either  of  the  single  esters.  There  are. 
however,  good  reasons  to  believe  that  this  behavior  of  the  nitrate-acetate 
may  be  associated  with  the  use  of  sulfuric  acid  in  the  processing  proce¬ 
dure  rather  than  an  inherent  characteristic  of  the  polymer  itself. 

In  conclusion,  it  should  be  said  that  the  ground  work  laid  hv  these 
various  workers  from  different  countries  viuring  the  first  halt  of  this  cen- 
fur\-  on  cclluio.ic  nitrate-acetate  mixed  isters  has  demonstrated  that  these 
polymers  have  attractive  features  and  consequently  should  be  given  more 
serious  consideration  hv  propellant  chemists.  The  -.vnthesis  of  tliese 
esters  in  a  variety  of  wavs  has  been  demonstrate  i  to  be  possible.  How¬ 
ever.  no  consistent  svstem.itic  stu  iv  Icsiline  with  their  synthesis  or  their 
physical  an  i  mechanical  properties  has  vet  been  reporte  i  in  the  literature. 
This  is  accounte  i  for  hv  the  liffieuhies  inherent  in  the  study  of  such 
molecules  an  i  is  also  due  largely  to  the  l  ick  of  dependable  analytical 
methods  tor  the  quantitative  deterniin  ■  ton  of  the  substituent  groups.  .A1 
though  me  tho.is  have'  been  known  for  ’.enig  ume  te>r  the  ieterniination  id 


nitrate  ana  acetate  groups,  it  would  seem  that  w  hen  both  these  tunctions 
are  present  in  the  same  polymer  backkme.  each  interfeies  with  the  Jeter- 
miniition  ot  the  other. 

RESULTS  AND  DISCUSSION 

Synthesis 

Three  syntnetic  approaches  were  chosen  for  the  preparation  of  cellulose 
nitrate-acetate  mixea  esters  covering  a  broad  spectrum  of  substitution.  The 
first  consisted  oj  reacting  cellulose  diacetate  with  a  mixture  ot  nitric  and 
sulfuric  acids.  This  approach  consistentlv  vielded  products  having  a  very 
low  content  of  acetate  groups.  In  addition,  rhis  method  appears,  from  solu¬ 
bility  experiments,  to  give  a  mixture  of  products  rather  than  one  unique- 
specie^.  It  did  net  seem  that  this  method  would  be  fruitful;  consequentK  . 
it  was  abandoned  early  in  favor  of  a  method  whereby  cellulose  diacetate 
was  nitrated  by  98”  nitric  acid  without  the  intervention  of  a  catalyst.  The 
third  method  investigated  consisted  in  reacting  cellulose  nitrate  with  ace¬ 
tic  anhydride  in  the  presence  cf  perchloric  acid.  Perchloric  acid  was  pre¬ 
ferred  over  sulfuric  acid  as  catalyst  because,  as  far  as  is  known,  it  iocs 
not  react  with  cellulose  or  the  residual  hydroxyl  groups  of  cellulose  ni¬ 
trate  to  form  perchlorates.  Suliuric  acid,  in  contrast,  reacts  with  the  hy¬ 
droxyl  groups  of  cellulose  or  cellulose  nitrate  to  form  cellulose  sulfates 
and  these  sulfate  groups  have  been  shown  to  be  responsible  for  the  insta¬ 
bility  of  cellulose  nitrate.  OnK  by  boiling  cellulose  nitrate  with  a  dilute- 
sulfuric  acid  solution  for  long  peru  Is  of  time,  which  treatment  removes 
the  suliate  groups,  can  cellulose  nitrate-  with  good  thermal  and  storace- 
stability  be  obtained.  It  is  (.lear.  however,  that  this  stabilisation  proce¬ 
dure  could  not  be  used  in  the  case  of  the  nitrate-acetate  mixed  esters 
which  contain  easily  hvdrolyzable*  acetate  groups.  Therefore,  an  esteriii- 
cation  procedure  had  to  be  devised  in  w-hich  the  formation  of  sulfate  groiips 
would  be  avoided. 

-Accordingly,  a  number  ot  experiments  were  conducted  using  a». e-tic  aiiln- 
iridc  in  the  presence  of  perchloric  acid  as  the  acetvlating  agent.  The  re.ie- 
tion  was  allowed  to  privcceei  in  mcthvlene  chloride  at  the-  boiling  pt'int  of 
the  seilvent.  Twe>  te  pes  e'f  cellulose  nitrate  were  subieete'd  to  this  ae  e  tv  la- 
tie-in  procedure.  One  had  a  nitriigen  cinteiit  tit  12. v,  !  DS  2.0  an  i  .i  ie  gre-e 
of  pol\  iTicri/atitin  ot  21“^  as  iietermitieii  trenn  viseeisite  nu-a^urenu-n  ts  m 
acetone.  The  seconii  had  a  comparable  tie  gree  ot  po!\ meri.-’ation.  ’’ c),  hut 
a  higher  nitrt’geii  content,  l  ( DS  2.'0.  I  he  liegtee  of  suh'.titutiini  ot 
the  products  in  both  nitrate  and  acetate  gioups  was  detetmiiu-a  !n  me- .ins 


of  infrared  spectroscopy.  To  ^ain  some  knowledge  of  ihe  nature  of  the  reac¬ 
tion,  the  following  parameters  were  briefly  evaluated-  the  content  in  acetic 
anhydride,  the  content  in  perchloric  acid,  and  the  time  of  reaction.  The  re¬ 
sults  of  these  C-xperimcnts  are  given  in  1  ahles  1  and  2  {pp  ?{>  and  ).  It 
should  be  mentioned  that  some  e.xperiments  were  also  conducted  at  ambi¬ 
ent  temperatures.  These  results,  however,  were  not  reproducible  ;ind  con¬ 
sequently  are  not  reported.  It  would  appear  that  refluxing  in  a  heterogene¬ 
ous  system  of  this  kind  is  beneficial  probably  because  there  is  better 
penetration  of  the  fibers  by  the  acetylating  agent.  A  number  of  salient 
points  are  revealed  upon  examination  of  the  data.  Perchloric  acid  is  neces¬ 
sary  for  the  reaction  to  ensue  (Kxperimc*nt  s  10,  II,  and  26).  Also  quite 
evident  is  that  the  one-hour  reaction  time  is  sufficient  to  give  complete 
acetylation  (hxperiments  2  and  H  through  22).  It  is  very  interesting  to 
note  that,  although  denitration  occurs,  it  seems  that  in  most  cases  it  is 
confined  to  the  very  early  period  of  the  acetylation  reaction  (Kxperiments  1 
through  7  and  H  through  22).  I  his  observation,  coupled  with  the  previous 
finding  that  maximum  acetylation  is  achieved  within  a  one-hour  reaction 
time,  provides  strong  evidence  for  the  stabilizing  effect  of  the  acetyl  group 
on  denitration.  For  example,  Fxperitnent  26,  where  no  acetylation  occurs 
(because  of  the  absence  of  the  perchloric  acid  catalvst),  gives  the  rate  of 
nitrate  hydrolysis  for  cellulo.se  nitrate  where  a  large  excess  of  acetic  an¬ 
hydride  is  used.  The  degree  of  substitution  in  the  nitrate  group  suffers  a 
significant  drop  for  the  first  hour,  from  the  original  2.6  to  2.1.  When  this 
experiment  is  repeated,  however,  with  0.2  nil  of  perchloric  acid  to  catalyze 
the  substitution  (F.xperiment  2)),  denitration  is  quite  retarded,  only  0.2 
nitrate  group  per  anhydroglucose  unit  being  lost. 

Comparison  of  Hxperiments  9,  12,  and  2a  through  28  shows  that  perchloric 
acid  is  much  more  instrumental  in  causing  denitration  than  is  acetic  anhy¬ 
dride.  The  extent  of  denitration  appears  to  bc‘  a  function  of  the  perchloric 
acid  content,  as  bixperiments  2"'  and  28  show.  When  both  acetic  anhydride 
and  perchloric  acid  arc  used  in  larger  quantities  (Hxperiments  9,  24,  and 
2‘v),  the  denitrating  effects  of  these  two  components  appear  to  be  a dilitive. 
As  to  the  mechanism  of  the  acetylation  reaction,  it  is  safe  to  conclude  in 
the  light  of  these  results  that  only  the  hydroxyl  function  on  the  anhydroglu¬ 
cose  unit  is  acctvlated.  Very  little  if  anv  acetylation  occurs  through  a 
t  ran  s e s  t c ri  f i c a t  i  on  process. 

Although  molecular  weight  deterininatiotis  will  be  iliscussid  in  a  lollow- 
ing  section  of  this  report  it  nay  be  iceiitioned  at  this  time  that  the  acetvla- 
tion  procedure  leads  to  sitme  degradation  of  the  eillulosic  chain.  It  is  alsii 


farther  tndicatcd  that  this  tk  j;radatuc  prot  t  ss  is  t  aused  principallv  by 
the  presence  of  perchlorit  acid.  Hence  both  processes,  degradation  of  tfie 
chains  and  denitration,  have  a  common  promoter,  perchloric  acid. 

I  he  results  of  the  alternate  approach  (nitration  of  cellulose  ar -tare  bv 
98%  nitric  acid)  are  given  in  Table  3  (p38>  and  Figure  I  (p4o).  Smooth 
curves  showing  the  change  with  time  in  degree  of  substitution  for  both 
nitrate  and  acetate  groups  are  obtained.  The  following  stmultaneous  reac¬ 
tions  probably  occur  under  the  conditions  of  the  experiments;  hvdrolvsis 
of  acetate  groups  (deacety latton).  nitration  of  the  free  hydroxvl  groups, 
and  transesterification  of  acetate  by  nitrate  groups.  Hvidently.  the  ob¬ 
served  rate  for  this  reaction  is  a  composite  of  these  individual  processes 
and  a  kinetic  treatment  would  be  evutside  the  scc>pt^  of  this  report.  It  ts  i>b- 
served,  however,  that  from  24  hours  onward,  for  each  acetvl  radical  lost  a 
nitrate  radical  is  fixed.  (  onsequently,  the  observed  rate  of  rt*action  tor 
this  portion  c*f  the  curve  may  represent  the  rate  of  the  transt*sterification 
process. 

Having  prepared  from  both  synthetic  methods  a  number  of  mixed  ester.s 
varying  in  nitrate  and  acetate  content,  the  possibtlity  that  a  correlation 
might  exist  between  the  amount  and  type-  of  substituents  on  the  cellulose 
chain  and  various  properties  of  interest  to  the  propellant  manufacturer  was 
next  explored. 

X-ray  DiHraction  Study 

Some  knowledge  of  the  cry  stalline  .tructure  of  polvm  rs  is  always  de¬ 
sirable  not  only  from  a  fundamental  point  of  view  but  also  as  a  means  of 
predicting  or  at  least  explaining  some  of  their  properties.  Altlunigh  the 
chemical  properties  of  polymers  arc  evidentiy  for  the  most  part  determined 
b'  me  chemical  structure  of  the  ironomeric  un.t,  the  physical  properties 
and,  more  specifically,  the  mechanical  properties  are,  on  the  other  hand, 
greatly  influenced  by  the  degree  of  organization  of  the  chains  .uid  verv 
probably  by  the  architecture  of  the  unit  cell  of  the  crystalline  c  limcnts. 
The  structure  of  trystal!ini  cellulose  has  been  fairh  wi  ll  established  as 
a  result  of  the  extensive  work  of  various  invt stigatiirs  and  nu>ti'  ['.irtuu- 
larly  as  a  result  of  the  imponanl  contributions  of  Mark,  Me\  i  r,  .ind  Misih 
(Refs  I()-21).  Hisregarding  the  fiiu  r  theon  tu  a  1  a.|>ects,  whuh  still  await 
a  final  decision,  the  cellulosi’  crystal  structure  may  hi'  desi  ribed  as.  in 
general,  consisting  of  ,i  iiionotlimc  cidl  tout, lining  two  aiihvdroi  ellobiosi 
residues,  the  cell  having  the  following  dimensions  ,i  S.  A,  h  Kh'  A, 
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avial  leniith  c  ‘.vliieh  nieasure^  -X. 
planes  oi  the  Cellulose  chain  mole- 
•ive  t.ike  iruo  account  the  ihickriess 


oi  ihe  cellohiose  unit,  which  is 
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ely  _‘.s  A,  the  tree  space  be¬ 


tween  the  chains  IS  touih!  to  he  ot  the  order 


o!  i.s  A.  Simiiarlv.  irotn  the 


axial  length  a.  .vhich  tneasuti-s  s.  xh  A.  ii  is  touna  that  the  closest  approach 
ill  'he  lateral  iistance  td  the  ce!!obu>si-  rinits  is  ot  the  order  ot  l.i  A. 


!t  is  evident  that  repiacinc  the  hv  iroxvl  croups  ot  cellulose  with  bu’kier 
substituents  woui.i  lead  to  overcrowiiin g  ot  the  cell.  It  would  then  be  anti¬ 
cipated  that  both  axial  lengths  a  and  v  wouKi  have  to  increase  to  accommo¬ 
date  the  moditied  chains.  In  going  irom  cellulose  to  cellulose  nitrate,  it 
has  been  observed  from  X-rac  stud\  tiia:  the  outer  (002)  ring  changes  its 


position  relativeix  liitie  but  that  the  inner  il'tl.i  ring  moces  steadilv  towards 
the  Center  as  the  nitrogen  contet..'  increases.  I  he  interpretation  given  to 
this  has  been  that  the  addition  of  the  nitra-e  groups  has  increased  the 
lateral  distance  ix'tween  hexagonal  rings  in  the  00!  >  and  002)  planes  in 
which  tiie>  he  but  lias  not  increased  rhe  stparation  oi  these  planes  from 


each  other.  Howeccr,  in  the  monograph  of  .Marhieu  Ret  hO.  both  the  lateral 
distance  and  the  plane*  s  separation  a'e  ‘  hown  to  be  increas'-J  as  is  shown 
by  the  iollowrng 23iuicmsrons  for  celluiose  trinitrate:  a  12.5  A,  b  10. s  A. 


c  0.0  A.  The  number  of  anhv  iroglucose  residues  in  the  cell  has  a’^o 
incre.isfd  fro.m  four  to  ten.  As  wouK!  K*  expected  from  the  bulk  of  the  .tee- 
fate  group,  the  change  in  the  crystalline  struc'ure  in  going  irom  cellulose 
to  cellulo.se  triacetate  is  more  prtinounced  th.ui  in  ginng  from  cellulose  tt' 
cellulose  nitrate,  ihe  unit  cell  .iimensiiuis  reported  are:  a  2).'^  A, 
b  10.-55  A.  c  11.^-.  A. 


1.  A  ami  ti.t  t !  i>n  i>f  "iv'decul.tr  nii'.leis  is  a  -  rv  in  ItifiVuiti  vc  in  tfiis  ft  speef.  Rc'- 
placing  the  hydroxylic  functions  of  celluiost  by  nitrate  groups  ioes  in¬ 
crease  the  bulk  of  the  nudewule  an.i,  as  a  Ci'nsequencc.  tiie  space  require¬ 
ment  t'f  cellulose  nitrate  is  rais.' 1  as  cC'r.’.ireJ  to  cellulose.  Ib'we'.er. 
since  tile  nitraie  group  is  planar,  an  !  furthermore  since  hydrogen  biMniing 
is  stiii  permissible  with  this  g  oup.  it  ma\  be  anticipated  that  riie  teli 
dimensii'iis  would  not  in  ir.ist it, .t  1  h  a.t'lilic  d.  (hi  the  otiier  han  d,  replacing 
the  hvdriixvi  fuiu  tiiin  ot  celhiK'sc  ba  flit-  u  c  t  lie  group  is  much  more  ctfes  - 
tive  in  liisrupting  tin  gci'iiietra  of  ilu  .ii  '  :;o;'iut.ose  anil.  1  lie  sj  .K'e  re- 
tjuiren.ent  o!  fhe  .  Cc-r  ^rouj  ippt  a'  ti  -  I'lipt’-taiO  enough  to  Itnce  the 
aniivilrtighit iisi,-  rings  mr  >  '.’referrt  i  t  i  •  li.  ir'.uu'iis  relative  iiiesKii  oilu  r. 

It,  ,1s  Is  siit'wii  h\  the  ,ittMni;'  iiueiels,  '-'trit.  ii  tju  I  reiiu-ii  E  s  td  tiu-  .k  e- 
t.ite  gri'Up  are  nuicn  higi  r  rli,in  ifiost  i>I  'iu  niir,i!e  grt'Up,  it  is  re,tson.ibu 


I'l 


-:o  antiLipatt  that,  in  goiiip  from  ct-Iluloso  nitrate  to  cellulose  nitrate- 
acetate  mixed  esters,  the  change  in  crxstallitie  structure  of  cellulose  ni¬ 
trate  would  occur  at  a  rather  low  decree  of  substitution  in  acetate  groups. 

To  test  this  point  of  view,  three  powdered  samples  of  cellulose  nitrate- 
acetate  mixed  esters  prepared  in  the  course  of  this  studv  were  submitted 
to  X-rav  analysis  using  the  method  of  Debve-scherer.  The  Dcbye-Scherer 
diffraction  patterns  are  gi\cn  in  I'igurc  2  ip  and  the  calculated  spac- 
inps  are  listed  in  Table  4  (p  ^8  <.  For  purposes  of  comparison,  ceilulose. 
cellulose  nitrates  of  various  degrees  of  substitution  (DSi.  and  cellulose 
acetate  with  a  DS  of  2.4''  are  also  included.  It  is  worth  noting  that  the 
crystalline  structure  of  the  nitrate-acetate  samples  change  from  that  of 
nitrocellulose  to  that  of  cellulose  acetate  sorrewhere  between  0.4  and 
I.O  degree  of  substitution  in  acetate  groups.  If  attention  is  focused  on  the 
sharpness  of  the  rings,  it  is  observed  that  the  strong  characteristic  ring 
spaced  at  6.4  A  in  the  nitrate-acetate  sample  containing  only  0.4  acetate 
group  per  anhydrogiucose  unit  is  substantially  more  diffused  than  the 
corresponding  ones  in  the  cellulose  nitrate  samples.  It  is  evident  then  that 
the  arrangement  of  the  chains  in  cellulose  nitrate  becomes  disorgani^.cd 
quite  early  upon  addition  of  acetate  groups.  Since  the  nitrate-acetate  sam¬ 
ples  containing  a  degree  of  substitution  in  acetate  groups  of  one  or  above- 
have  no  vestige  of  a  cellulose  nitrate  structure,  it  is  reason.ible  to  assume 
that  the  nitrate-acetate  mixed  esters  are  homogeneouslv  substituted  along 
each  chain. 


I'hc-  results  of  this  X-ra\.  studv  suggest  that  the  nitrate-acetate  mixed 
esters  with  a  low  substitution  in  acetate  groups  should  have  pliysual  and 
mechanical  properties  r  ore  akin  to  those  of  cellulose  acetate  than  tliose 
of  cellulose  nitrate.  Ihi.-.  last  observation  will,  of  course,  be  accurate 
onlv  to  the  extent  that  the  crvstal  structure  of  tlivse  polvniers  is  etfective 
in  controlling  these  properties. 

V i  scosity 

li-e  acetv  latu'ii  of  cidlulose  nitrate  an  i  the  nitration  of  cellu!o',c  .lee- 
t.ife  have  been  done  under  ei>n  iiiions  wliicii  in  all  probabilitv  would  ituiut  i- 
some  cleavage  ot  th<'  acetal  links  between  inlr>  iroglueose  units.  (M  the 
v.irious  metl;od:S  available  tor  the  ui  termin.i ’i on  ot  inolecula’’  wc  iciits  ev 
degr'  es  of  polvmeri/ation.  '.isc.isitc  is  i>!n  vif  the  most  '.imjdt  wi'h  rec.ii  i 
to  iesign  ol  aop-uatus  an  !  experinu  nrattoii.  Howi  cer.  tin  it  laru'iisinp  be- 
twftn  viscositv  and  molecui.ir  weight  siili  i-. '-is  en  empiric, li  ctound  wirli 
no  well  esiablislu  d  ipuantitatice  tin  or\  to  pi  m  n  t  al.  ulation  o|  the 


concnbution  of  various  Ofhc-r  lacrors  bosKk-s  arolecuiar  wi-igpk  to  the  vis- 
COSHV.  Consequently,  viscosity  cannot  he  useJ  directly  to  determine  the 
tnoiceular  weight  of  polymers.  The  equation  rdiuine  viscositv  and  molecu¬ 
lar  weight  contains  two  constants.  K,,,  and  a,  which  hate  to  he  determined 
empirically  for  each  type  of  polymer  and  which  varv  not  only  with  the  tem¬ 
perature  and  the  sohent  hut  also  with  the  cii  un  length  itseii  tKehC  23.  2iL 
Although  the  values  for  .an  ;  a  have  been  dearrnined  !or  Cellulose  ni¬ 
trate  and  C'eiiulosc  acetate,  in  the  case  oi  the  nitrate-acetate  mixed  esters, 
no  such  mformution  is  available.  Therefore,  the  use  of  viscomttry  in  deter¬ 
mining  the  molecular  weights  of  nitrate-acet ate  mixed  esters  would  seem  a 
verv  questi  anable-  choice.  Viscometrv  certainly  could  not  be  considered  as 
dependable  as,  for  example,  the  me---  direct  methods,  osinomet.rx  and  ultra- 
cenirifugation.  I  nfortun.iieb  .  viscometrv  was  riit  only  method  available 
during  the  course  of  this  work. 


Having  no  other  alternative,  the  possibilov  of  using  the  intrinsic  vis¬ 
cosity  data  to  determine  the  molecmlar  weights  of  the  products  was  inves¬ 
tigated.  Evidently  this  is  not  an  easy  task  and  the  approach  offered  in  the 
following  discussion  is  only  tentative,  being  itistified  simply  by  the  lack 
of  a  better  procedure.  It  would  be  pertinent  at  this  point  to  mention  briefly 
one  previous  publication  iRef  1  3)  describing  the  preparation  of  cellulose 
nttrate-acctate  mixed  esters  in  which  the  authors  cl.airn  'he  determination 
of  molecular  vveichts  from  intrinsic  viscosity  data.  However,  as  is  shown 
below,  their  mathematieal  treatment  is  no'  ateeptable.  the  fundamental 
error  being  that  Equation  1  presupposes  no  change  in  moiecui.ir  weight  in 
going  from  the  starting  material  (cellulose  .ketatel  to  the  product  (cellu¬ 
lose  nitrate-acetate).  i  onsequentlv,  in  a  roundabout  wa\,  they  have  simply 
determined  the  molecular  weight  of  the  starting  material,  cellulose  acetate. 
1  hev  procee  led  as  follows: 
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Ihi.  value  of  was  then  substituted  in  the  Mark-ilouwink  equation 


It;]  K„, 


where  M  was  supposed  to  represent  the  moiecular  weight  ol  the  product 
nitrate-acetate.  It  is  evident,  howe  ver,  that  if  the  value  of  in  Kquation 
1  is  substituted  into  Equation  2.  this  results  in  the  cancellation  of  [i/l. 
the  intrinsic  viscositv  of  the  product 

[r/]  M-  M** 

Therefore,  M  in  Equation  d  stands  for  the  n.olecular  weight  of  the  starting 
material,  cellulose  acetate. 


Consequently,  since  no  information  can  be  found  in  the  literature  in 
regard  to  the  Staudinger  relation  for  cellulose  nitrate-ace late  mixed  esters, 
the  only  possible  means  for  estimating  viscositv-molecular  weights  for 
these  mixed  esters  will  rest  completely  on  speculations  based  on  the 
known  relations  ior  cellulose  nitrate  and  cellulose  acetate.  In  the  case  of 
cellulose  nitrate,  it  has  been  shown  b\  Sanr.ow  Ref  d't)  that  the  intrinsic 
viscosity  ir;]  rises  with  the  nitrogen  content  ol  the  sample  tEig  v.  p  iS  ). 
This  increase  in  I?/]  was  not  onlv  caused  bv  the  increase  in  molecular 
weight  due  to  the  introduction  of  additional  nitrate  groups  but.  as  could  ht 
anticipated,  bv  a  marked  change  in  the  rheological  propertie  s  of  the  mole¬ 
cules  in  solution.  In  or  icr  to  make  U'-e  >  t  tlu  intrin^’ic  v  iscosite -molecular 
weight  rclationsliip  for  etllulose  nitrate  samples  of  iifleseiit  nitrate  substi¬ 
tution,  Ldndslcv  and  Frank  tP  f  26)  iiavt  proposes!  that  tlu  intrinsic  vis¬ 
cositv  of  the  sample  he  eorrectei  to  that  of  celluK’sc  trinitrate  li/j  i,  sug¬ 
gested  as  a  common  reference,  and  that  tins  v  alue  tU  lf/|  !  he  iiut  rii  d  in 
h.ejuation  4  for  the  caKul.ition  of  tlu  iiu  leeular  wi  iglit. 
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h/i  -  DliSffvea  or  l  .lUul.itc.i  iiurinsu  viscositv  for  thi-  s.impie  of 
Cflluiosi-  nitr.itc 

|f/|  J  —  Adiusted  intrinsic  viscosity  fur  tin-  correspondini;  (.eilulose 
iriiiitr.itf 

~  ''taudinjtcT  coiistont  fur  Cfllu[.)sc  trinitrotc 
a  —  Taken  as  uni  tv 

—  Nitroc’cn  contctit  (‘T)  c>f  the  cellulose  nitrate  sample 
(  onsequcntlv.  siniplv  multiply  int;  the  sample  iiurinsic  \i  cosirv  by 
a  (actor  itscTt  a  fuuctiun  ol  toe  Ueitrec  of  substitution  fl  ig  4.  p  i'T). 
a  value  is  obtaiiie  i  tor  the  iiitritisic  vtscosiiv  which  can  be  iiiserteT  into 
I'.quation  .  The  best  value  oi  lor  uniraettonatt  1  cellulose  trinitrate 
tnaterial  in  acetone  appears  t(>  be  iV.  i  It)  '  .  This  v*ilue  is  only  pro¬ 
visional.  however,  since  Km  is  a  tunction  of  the  polyJIspersitv  of  the 
sample. 


It  has  been  rcportcJ  iHit  12)  that,  in  contrast  to  that  of  cellulose  ni¬ 
trate.  the  intrinsic  viscc'sitv  etl  cclluk'se  acc  ta.te  in  various  solvents, 
rnciuJiiiu  acetone,  happens  to  be  a.  devreasinc  fu'^ction  ot  the  ieeree  of 
substitution  (!)‘s).  This  fin-itni!  rc-siea!  irn  measurements  Jone  on  s.impb,-s 
raitKini;  m  1)S  from  2.2  to  2.".  In  acetore.  liowev c-r.  the  iecrease  in  vi-  - 
eositv  w.is  onlv  .iboui  “  to'  this  rance  in  The  K  v.iiues  for  unlr.i.- 
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tion.ue  i  cellulose*  .uetatc  ,  taken  from  the  .lata  ot  llowlett,  et  a!  (Ret  22S, 
Were  plotti  .i  .lyainst  tiie  leyrt  c  ol  substitution  (biy  a,  p  s;)  j,  .o,  i  tiu- 
straryht  Irne  I'btaine  1  b\  the  netho..  o!  least  squares  was  e  xirapolate  .1  le' 
a  1)N  The  ex tr.ipvrt at e'ii  K.j^  value-  i  ^  lO"  '  lor  e’ellulose  irraee'tate 

in  aceteuie  sunim.iri.ae  the  iiiU’r- at  oni  available  at  present,  it  seems 
that  the  btsc  ix  ,  values  le.r  uulr.ii  a  lou.ite  !  ke'llulosi.-  trin  it  r.it  v  .ifui  i.t!lu- 
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the  ii  pe-n.ie  lie  e-  o!  tiie-si  K  '.a  bos  !>> 
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iii'-.e  be  ell  slu'Wii  to  ubev  Tit  \1  .it  i- 'i  1  -  . I  ' ,  1,1 1 1  on  sR  I  p  between  intiin- 
s u  \  I  s .  c>s  1 1 \  an  !  i'n '! I -  v  u  i a:  a  e i  c h  t  ■.*  ■  e  o!  p v'  1  e  nu  r  i  .•  at  i  on .  '*e  i  i  !i  tin--, 
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tan  be  Cbtiinated  in  more  than  one  way,  defending  on  what  assumption  one 
wishes  to  introduce. 


The  simplest  approach  would,  of  course,  rest  on  the  assumption  that  the 
acetate  groups  in  the  mixed  esters  bring  a  contribution  to  the  intrinsic 
viscosity  comparable  to  that  of  the  nitrate  groups.  In  such  a  case,  then, 
the  intrinsic  viscosity  can  be  adjusted  by  means  of  the  Lindsley  and  Frank 
treatment  according  to  Equations  *),  6,  ana  "  to  yield  [tjj].  However,  the 

value  of  N  would  be  that  corresponding  to  the  total  substitution,  i.c.,  that 
of  both  nitrate  and  acetate  groups.  Evidentlv  it  would  be  anticipated  that 
such  an  approach  is  unrealistic  since,  as  was  shown  above,  the  values 

for  cellulose  acetate  and  cellulose  nitrate  differ  by  a  factor  as  high  as  S, 
and  in  addition,  these  two  derivatives  show  opposite  dependences  of  sub¬ 
stitution  on  their  respective  values. 

A  second  approach  to  the  calculation  of  molecular  weights  icr  nitrate- 
acetate  mixed  esters  would  take  into  account  the  K  values  ot  cellulose 

m 

nitrate  and  cellulose  acetate.  Then,  on  the  assumption  that  these  val¬ 
ues  arc  not  changed  by  having  both  functional  groups  in  proximitv  on  the 
same  molecular  chain,  one  would  be  justified  in  using  their  weighted  value 
in  the  Mark-Ilouwinck  equati^m  as  shown  in  l  (]uation  8. 
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DS^^  -  Dc't'rce  of  subsiituiioii  in  nitraic  groups 
DSj  —  I'c'grec  of  s.iastif  Jtion  in  acotato  groups 


DSj  -  Total  dogroo  tif  substniititni  (Ds^^  phis  l)S|) 

I'P  —  Degree  of  poivnu'ri/.ui  in 

K  ~  Staudineer  constant  foi  telhihiso  nitrate  for  t  iei^ree  ol  siibsti- 
tn 

tutton  cotresivn  iini;  to  !  >S  .  'I'hese  K  values  were  taken  tram 
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K  -  Staudineer  (.'oiistant  I  u  olliiloso  aietate  lor  a  d  c  ot  sulisn- 
m  s 

tutton  t  otrosooiiviini:  t.'  DS  .  I  ho  K  value  -  were  t.iki  n  It  '”i 
f  •  I  tn , 

llowlett'  s  d.lt.l  (  1  ii;  S.  p  Sill, 
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>1  ~  Relative  viscrtsit^' 

—  CcnceRlratii>n  in  gram  per  liter.  '  ^ 

If  for  ,:he  monjeni  attention  is  focused  on  the  intrins*.'  viscosity  alone 
(  Fable  5,  p  V;).  it  Is  observed  that  |jij  decreases  with  the  time  of  reaction 
(Experiments  1  — ^  and  10—12).  Also,  while  acetic  anhy  iriJe  does  not  bring 
about  any  lowering  of  the  viscositv'  (Experiments  I,  4.  and  ').  perchloric 
acid  is  verv’  effective  in  this  respect  (Experiments  4,  T,  8.  and  0). 

The  degrees  of  polymerization  corresponding  to  these  viscosities  were 
obtained  as  follows:  for  the  nitrate- acetate  mixed  esters  (Experiments  1-6 
and  I0-I2).  use  was  made  of  Equation  S:  for  the  pro^lucts  containing  only 
the  nitra'c  function  (Expcrimcfus  T.  8,  H.  and  ID.  the  Lindsley-Frank 
method  of  calculation  was  applied  cE(|uations  in  the  case  of  cellu¬ 

lose  acetate  (Experiment  ni,  a  value  of  (.01  '  10“’  taken  from  the 
curve  (F'lg  5,  p  50t  was  used.  It  shou!  1  be  realized,  however,  that  these 
methods  of  calculation  are  oniv  valid  for  Jegrees  of  substitution  above  2. 
This  stems  from  the  tact  that  the  Lindslev -f'rank  relation  heconies  verv 
inaccurate  at  nitrogen  concents  helow  1  1  The  reason  fe.r  this  limitation 
IS  evident  trorn  examination  of  Figure  i  j-  e-*'.  The  iierivative  IK',  IN 

takes  up  incT' asingly  large  values  m  going  toward  lower  nitrogen  Loiitenf> 
Hence,  below  i!  nitrogen,  the  experinn  nt.i!  erri>r  in  thv  iete'minarion  i>i 
the  niirogt  n  eoroent  ititro  iui.es  tx^tssi-.  v  k  vi  itKci''  i;i  thv  fe-^ulting  IK^ 

value-N.  in  .li  krtitn.  for  low  itgrets  Naf..,ririitjoii  tin  '•olubilitv  ■>!  rhe'-e 
V e liii i I'se  iiTi V  .1  ti \ e  s  iii  at  eti'iie  '  vt  ii  at  Ioa  v  on t  en tr ,i! ion  i'.  iK  '.cr  i  om- 
piete  an  i  a  liltratum  tep  iietessarv  to  rett.ove  tiit  in-olublev.  This  e\- 
p!ain->  witv  til'  dt  gree  o!  pok 'it-.  ri/at:<'ii  value-'  ate  ijuote  i  lor  b.xpcritni  nt-' 
an  i  O. 


-  Experinicntai  smnnsic  viscositv,  g  fi,  obtained  fto*  a  ooe-pi»ini 
determination  and  appiseation  ot  the  Baker-Philipoff  equation,  aS 


sfiown  in  Equation  9 
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i  he  r,..,i)!ts  given  in  'i'alde  i  b  ar'  -it-  -v  that  av etv  ! at n m  ot  lelluiose 
tiitraie  till  r  t.he  v  on  ktuni-'  iestribe  !  in  r  t-,  work  lea  is  to  iegra  iation  ot 
r!;i  5  olvttn  r  hsiti  an  i  a!nio->t  to  t  I'tiipb  tc  s;  lirting  ot  ttie  avetal  I'ott  is  wt'it 
! n I  ft  a  .1 1!  i  anioii n t s  et  pt n.  h  lor u  ai  i  i.  i  i >  n  itit mi ze  sui.ii  de gr.i  i at i oti  in  tin 
I  -tt  p  rat  iofi  et  t 'le  mixed  esters,  tiie  re  a-,  tion  r  iiiie,  pt  ri  it  ioru  .k  i  !  i  i>ti  te  n ' . 
an:  .u  ; 'ic  anheiriii  ;.oirttr  •kii'ii!  t  ht-  kvf't  to  a  ’11111111111111.  Ikn.e,  it  we.il  i 


probably  be  ad%'antaKeosis  to  modify  the  procedure  by  adding  both  the 
acetic  anhydride  and  perchloric  acid  dropwise  during  the  reaction. 


Experiments  10—12  in  Table  5  (p  39).  which  refer  to  the  nitration  of 
cellulose  acetate  (DP  340).  demonstrate  the  strong  degradative  effects  of 
nitric  acid  as  a  reaction  medium.  After  16  hours  reaction  time  the  average 
degree  of  polymerization  value  has  dropped  to  less  than  the  original 
value,  and  the  degradation  reactions  are  still  proceeding  at  "’Z  hours  reac¬ 
tion  time.  Since  degradation  of  the  chains  still  progresses  at  long  reaction 
times,  this  would  suggest  that  the  nitrate-acetate  products  are  being  split 
in  contact  with  nitric  acid.  It  would  be  interesting  to  know  whether  the 
starting  material,  cellulose  acetate,  and  the  nitrate-acetate  products  are 
equally  sensitive  to  degradation  under  these  conditions.  Evidently,  such 
iaforiration  would  help  greatly  in  determining  the  optimum  conditions  for 
the  preparation  of  the  nitrate-acetate  mixed  esters  by  this  method  with  a 
minimum  of  degradation.  Considering  that  a  large  excess  of  nitric  acid  was 
used,  the  degradation  process  should  have  proceeded  in  accordance  with 
first  order  kinetics  if  no  selectivity  occurred  during  the  destruction  of  th*,. 
acetal  bonds.  Using  the  average  number  of  acetal  bonds  available  in  lieu 
of  the  concentration,  and  applying  the  integrated  form  for  a  fir-^t  order 
process  (Equation  10),  the  rate  constants  k  were  calculated  and  their 
magnitude  was  found  to  change  with  time,  as  shown  in  Table  (i  ip  fTM. 
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a  available  positions  on  anhv Jroglucose  unit  at  btg.-nnmg  ot  pt-rioJ 

a  -  *  available  positions  on  .iinhv dnigliu-ose  unit  at  mJ  of  perio  1 
t  time,  or  length  of  period,  in  hours 

There  is  a  significant  drop  in  the  rate  eosstant  k  ifavte'  ,1  ''i  in  giuiig 
from  hours  to  2i  hours  reaction  time  while,  lor  the  rtmainiiig  tS  hours, 
the  rate  constant  remains  practuallv  the  same.  Ihss  change  in  the  rate 
constant  from  l'>  hours  on  cannot  he  explained  hv  a  change  m  the  nitrating 
medium  brought  about  b\  tlie  nrogress  ol  the  reac  tion.  Nitric  acid  w  is 
used  in  such  a  large  exc  ess  hat  its  c  I'lu  i  titration  varied  onlv  ru  gligiblv 
ani,  similarU  ,  the  total  water  content  in  this  medium  ii  i  not  chan.ic  to 
anc  signilicant  extent  from  its  initial  value  .  '  )n<  s  then  c  ft  to  belie  ec 
that  possilde  itie  nitrate-.u  etate  mixe  i  e-.tet  prt'diuts  are  less  sensinve 
te' de  gr.i  iat ii>n  than  the  startm n  e  e  ilulo-.e  aee  t.iti.  Ihis  me  n oisi  i 

r 


resistance  to  degradation  may  be  caused  either  by  the  presence  of  nitrate 
groups  in  the  molecular  chain  or.  as  seems  to  these  authors  more  probable, 
by  a  higher  degree  of  substitution  in  the  products  (DS  2.9)  than  in  the 
cellulose  acetate  IDS  2.4S). 

If  this  speculation  .should  prove  to  be  correct,  it  would  then  be  expected 
that  using  cellulose  triacetate  instead  of  the  commercial  cellulose  acetate 
used  for  this  study  (DS  2:4S)  should  lead  to  much  less  degradation  of  the 
chains  under  the  same  conditions. 

Hygroscopicity 

Since  dimensional  stability  in  propellants  is  closely  connected  to  the 
moisture  uptake  or  regain  of  the  binder,  hygroscopicity  experiments  were 
conducted  at  a  temperature  of  ZO'C  and  a  constant  relative  humidity  of 
6  %.  The  profiles  of  the  hygroscopicity  curves  are  given  in  Figure  6 
(p  51),  Except  for  cellulose  acetate  (DS  2.4‘>),  all  of  the  samples  reached 
their  equilibrium  absorption  before  one  h  jur  of  exposure  at  this  tempera¬ 
ture  and  humidity  level.  At  this  point,  it  would  seem  pertinent  to  recall  a 
hypothesis  formulated  in  1926  by  Will  (Ref  27)  which  stated  that  the  ab¬ 
sorbed  water  in  cellulose  nitrate  esters  is  fixed  by  the  bee  hydroxyl  groups. 
A  simple  linear  expression  was  found  which  relates  the  hygroscopic  ab¬ 
sorption  H,  in  grams  per  100  grams  of  cellulose  nitrate,  to  the  nitrogen 
percentage  of  cellulose  nitrate  esters.  This  relation,  known  as  Will’s 
rule,  states  that  the  sum  of  the  hygroscopicity  and  nitrogen  content 
(^)  values  of  any  cellulose  nitrate  ester  should  give  a  constant.  1  i.6,  as 
expressed  in  Equation  II. 

U  1  t.^1  N  i  1  n 

This  rule  rests  on  a  great  number  ot  experimental  investigations  tarried 
out  at  2s  (.  and  at  approximate-lv  r  relative  humiditv.  Later  on. 
De-mougin,  who  carried  out  further  invc'-ngations  t>n  the  subject.  ce>ficlude  i 
that  Will's  hypothesis  can  be  true  toiK  tor  low  saturatit>n  ot  vapor  wdere 
preibablv  onlv  cheniisorpt ion  vvouli  Ik'  aerivt-  <Kef  2f<t.  Whatever  the  tun  ia- 
niental  relafie>n  bt-fAt  t  n  hvgrosct'pie  iiv  an  i  degree  of  substitution  (DS)  tor 
ceiiuItiNe-  tjerivativfs  mav  le.  it  is  ruve  rriu  It  ss  a  fact  that,  in  the-  ease  t>t 
t  flb.ilosf  riitr.itfs,  a  verv  simple  marhem  irii  ,il  expre''Sioii  ean  adequifeiv 
express  fins  relation.  However,  it  Will's  iiv  potlie  si  s.  i.e,,  the  absnrbed, 
water  being  tixed  bv  the  tree  hv  iroxv  i  croups  alone,  is  corri-e  t  to  a  tirst 
approxi ni.uion,  then  tb.e  simple  relation  ,»s  expressed  bv  Lquation  1  1 
•■'hi'u!  i  still  pe-sist  upon  replae emeiit  ot  some  ot  the  nitrate  groups  with 


other  functional  groups.  This  extension  of  till's  hypothesis  aas  icsted 
with  some  of  the  cellulose  nitrate  acetate  samples  prepared  .as  described 
earlier-  As  Figure  7  (p  52)  shows,  a  linear  relationship  was  found  between 
the  percent  water  absorbed  and  the  total  degree  of  substitution  of  the 
cellulose  nitrate-acetates.  The  data  fit  t’  e  simple  linear  expression 
(Equation  12)  similar  to  that  of  Vill. 

H  7.15  -  2  DS 
H  14.6  -  N 

DS  -  Number  of  substituents  per  anhydroglucose  unst. 

It  is  evident  from  Equation  12  that,  for  a  degree  of  substitution  of  zero 
{i.e.,  that  of  cellulose  itself),  the  hygroscopicity  value  is  calculated  to 
be  '7.15%.  The  hygroscopic  value  for  cellulose  under  a  relative  humiditv 
atmosphere  of  70—75^  extracted  from  Demougin’ s  w'ori:  is  ".0— "'.d't.  which 
is  in  perfect  agreement  with  Equation  12.  This  could  of  course  be  a  coin¬ 
cidence  and  certainly  more  work  is  needed  to  confirm  these  results. 

Tensile  Strength 


f  12) 
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Films  of  cellulose  nitrate-acetate  mixed  esters  were  cast  from  ethvl 
acetate,  and  their  tensile  strength  was  determined  on  an  Instron  1  i  ster 
under  constant  load.  For  these  samples,  which  were  prepared  bv  .tcetvhi- 
tion  of  cellulose  nitrate,  an  apparent  -.nrelation  was  f(>  jn  i  heiwcc-n  the 
degree  of  substitution  in  acetate  groups  and  the  tensik  strength.  As  Fig¬ 
ure  8  (p  shows,  the  tensile  strength  decreases  with  an  increase  in 
acetate  content.  The  least  square  line  through  the  experimental  {'oinfs 
obeys  Equation 

Tensile  strength,  psi  1(K)  l)s  ^  ^  ^  i  j  Vi 

Bv  way  of  comparison  with  these  x.iiucs.  wiin.h  were  obtained  tor  i.e!iu!osi 
nitrate-acetates,  the  tensile  strength  o)  the  celluh'se  nitr.K'.  ust  i  in  rise 
synthesis  (DS  2.^)  was  tound  to  be  I  •  psi.  which  is  in  good  .igreeneiii 
with  the  value  ot  12, ‘''>0  psi  irequentlv  qioueki  bv  other  aut'iors  Ret  1  -j. 

It  is  interesting  to  note  in  this  connietion  that  ilu  values  ta'ki  n  trom  tlie 
literature  apptv  to  films  cast  from  an  aietoiu  sdlutiiMi.  wiiile  tor  this  srudv 
the  tilms  were  cast  Irom  etlivl  aetaate.  Mthougli  it  has  ulten  is  c  ti  o!-- 
served  that  the  casting  solvent  is  .m  inijintant  paraiiu  tt  r  in  unsih  sirtiii-th 
measurements,  it  would  see  m  that  i  tin  1  ai ;  late  and  aii  tone  lont::  a'l  'iu 
same  overall  coliesive  eru  rgv  tow. ir  is  (.t  lluiosc  iiiir. uc  .in  i  lu  lu  i  'iu  s( 
solvents  v.i<uii  he-  interv  hanirei  without  substantial  •  ttei  r  on  tin  renilt 
strengtii  values. 
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It  has  bfcii  rc-poru  J  >Rcf  2^-'i  that  tfiiuiosc  acttate.  ^1.8“:  acetic  acid 
>ic1J,  under  experimental  conduivins  very  close  to  those  used  in  this  study 
yieias  films  having  an  average  tensile  strengtlr atfd  c!,ingation  in  the 
neighborhood  of  1321*00  psi  and  5"c,  respectively.  In  addition,  the  tensile 
strength  did  not  change  to  any  significant  extent  when  the  films  were  pre¬ 
pared  from  fractions  ranging  in  DP  from  210  down  to  82.  For  all  practical 
purposes,  then,  the  cellulose  nitrate  and  cellulose  acetate  unplasticized 
films  have  comparable  tensile  strengths,  approxi.mately  12, and 
13,000  psi,  respectively.  If  we  compare  the  results  shown  in  Figure*  8 
fp  *'3}  and  Table  ~  41)  with  these  values,  it  would  appear  that  nitrate- 

acetates  With  low  DS  in  acetate  can  form  films  as  strong  as  or  possibly 
stronger  than  those  of  either  cellulose  nitrate  or  cellulose  acetate.  With 
regard  to  the  apparent  correlation  exhibi'eJ  in  Figure  8  between  the  ten¬ 
sile  strength  and  the  DS  in  acetate,  the  authors  cannot  at  this  time  deci  ie 
whether  this  relationship  is  real  or  onlv  coinc idental.  No  really  convincing 
arguments  can  be  advanced  to  explain  such  a  trend.  For  example,  it  cannot 
bc‘  explained  on  the  basis  of  molecular  weight  variation  since  the  relation 
cannot  l>e  extended  to  either  time  of  acetylation  or  intrinsic  viscositv  of 
the  nitrate-acetates.  Neither  could  it  he  explained  b\  invoking  the  concept 
of  hygroscopicity  of  the  iiims  (water  plasticizing  action)  or  the  extent  of 
solvent  retention  in  these  films.  In  ad  iitii'ii,  no  similar  relationship  could 
be  observed  with  either  DS  in  nitrate  or  total  PS.  The  possihilitv  that  the 
relationship  indicated  in  I'icure  H  is  re  i!  .  .intiin  be  disregarJe  !;  however, 
more  work  is  needed  to  clarify  this  pi'itit. 

The  formation  oi  tilms  from  san-pU--^  pteparc-ii  bv  nitration  oi  cc-lhili'se 
acetate  proved  to  be  extrenu  lv  ditiicnh.  l  itr  mo>,t  triaN.  the  iilm-'  voul  1 
not  be  removed  from  the  gla--s  plate.  I  hev  Wi.re  foi>  brittle  an  1  u-  uaib, 
broke  into  small  pieces.  Onlv  with  one  a!ti|  ie  coal,!  iilms  ;h-  ptt  pared  an  ! 
tested.  .-\s  Table  "  shows,  tlie  tensile  strcnctii  is  cere  U'W ,  indicating  'hat 
this  sample  has  a  Pl’  appr.>aching  the  cfitiv  a!  value. 

Impact  Sensitivity 

The  imp. let  seioitivirv  ot  the  i  liluio-e  nirr.iit  -  u  et  Ue  niixc  ;  e^ftrs  was 
measured  t'li  a  Picafuinv  .drsen.il  m.u  Inn-  .i-nnga  tve  o-ki  ii'nr.im  irop  weichi. 
The  procciurc-  use  i  has  been  Icsctib-ei  n,  nniil  i'c-iore  (Ret  I  he  nn- 

pacf  test  values  (juote  I  in  tin  .  repior  .ai  i  to  the  ■nnnnuKn  iniL-iit  in 

iriclu-s  from  vciiKii  tin-  niipai  t  oi  tin  liiii'  c  weiniit  cau'.<s  ;  x;  le-.nin  nt  liu- 
sample-  in  .It  least  one-  I't  tea  tn.il  ..  la  -(.iic-  'iu  s}ii\k  sc-as  ni  v . 'v  of 
prt'pc-l hints.  ,itt(  .ipts  have  bet-n  m.i  'd  (■’  ’(hoe  srn..niv!iv  (•>  citfaiii  pie- 
pc-llant  propertii  -.  1' or  ex.imide.  a'  'Ii<  >  anv  Ihili’-.ni  1  ..iboraierv  ivs!  -■ !  a 
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It  has  been  proposed  that  the  carJ-gap  sensitivitv  of  propellants  Ciiil  i  he 
related  to  the  heat  of  explosion  according  to  the  following  equation- 

V  A  -  B  (14) 

V  card-gap  value  • 

heat  of  explosion  of  binder  plus  the  scdid  oxidiiter 
A  and  B  constants  which  appatentiv  characteriye  the  oxidizer 
specific  volume  of  the  propellant 

In  an  attempt  to  find  a  similar  relationship,  the  heat  of  explosion  of  vari 
ous  cellulose  nitrate-acetate  mixed  esters  prepared  in  the  course  of  this 
study  was  plotted  against  the  drop  height  in  inches,  with  a  two-kilogram 
weight,  necessary  to  produce  an  explosion  (this  value  being  proportional 
to  energy);  and,  by  means  of  the  least  squares  method,  a  line  was  then 
drawn  through  the  experimental  points  as  shown  in  Figure  9  (p  54).  A  rela¬ 
tionship  seems  to  exist  although  a  large  deviation  is  observed.  This  func¬ 
tion  is  given  bv  Equation  15. 

H  -  O.OHXHj,  fiSi 

H  drop  height  in  iiKhes  (2-kg  wt) 

\H,  heat  of  explosion,  Kcal  mole 

A  much  better  relationship  was  f.>uni,  how..-ver,  hetweei.  the  decree  (>1 
substitution  in  nitrate  and  the  lirt'p  height  or  energv  as  shown  in  Figure  lu 
ip  The  straight  line  through  the  experimental  points  was  obtaino  j  bv 

the  method  ol  least  square^  and  obevs  bajiiation  I(i. 

H  :'.^-s.U)s  ioi 

If  extrapolation  of  the  t.'ur\(.'  heVi'iid  tiie  experimental  points  !s  valid,  tlien 
these  values  w(>ull  lead  tvi  tiie  pre  jienon  that  the  sensirivitv  of  vellulosv 
trinitrate  (HS  winili  be  approximau  1\  iiu  lies  while  tor  .  tllulose  tri¬ 
acetate,  explosion  or  violent  iei.  ompos itum  would  i>i  i  in  .it  .iroun  i  itu  !u 
I'.v  I  lien  tl  V,  the  curve  in  bicnre  11  'pst.t  must  bend  upw.iri  for  decree  ot 
substitution  (nitrate  '  bvlow  I  situ  v  it  diuiuse  avet.iti  is  known  to  bv  iti- 
sensitive  tt)  imp.u  t  for  itop  luigiits  inv  t  i!)  inches. 

It  has  been  rej'orte  i  (!{et  '.’ifh.if  vtllulitsi  nitrate  whose  in  tri-gen  .  on - 

te-nt  varie  s  trimi  i.’.!)  up  ti<  .i;  pn'xim.itt  1\  1  t,  i  will  un  ier  the  ‘-.eiit 
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experimental  conditions  give  an  impact  yvnsitivity  value  of  ^  inches,  which 
is  surprisingly  close  to  the  extrapolated  value  of  d.*'  ftrom  Figure  10).  f  on- 
sequently,  it  can  be  said  that  nitrate-acetate  mixed  esters  are  character¬ 
ized  by  a  resistance  to  impact  significantly  superior  to  that  of  cellulose 
nitrate  of  militarv  grade.  It  is  not  possible,  however,  to  reach  a  definite 
conclusion  as  to  whether  this  increased  resistance  to  impact  is  simply  due 
to  a  decrease  in  the  number  of  nitrate  groups  on  the  anhvdroglucose  unit 
or  whether  the  presence  of  acetate  groups  is  largely  responsible.  Some 
arguments  could  be  advanced  in  favor  of  the  latter  point  of  view.  For  exam¬ 
ple,  as  is  pointed  out  above,  in  going  from  a  cellulose  ^nitrate  with  nearly 
theoretical  .substitution  down  to  N  (DS  2.4— 2.5),  the  impact  sensi¬ 
tivity  was  the  same,  3  inches-  It  has  been  found  recently  in  this  laboratory 
that  cellulose  nitrate  of  11.6 nitrogen  (DS  2.1)  has  an  iinpacf  sensitivity 
of  3  inches.  So,  for  cellulose  nitrates,  decreasing  the  number  of  nitrate 
groups  per  anhydroglucose  unit  from  3  to  2  does  not  produce  any  change  in 
impact  sensitivity  while,  in  the  nitrate-acetate  mixed  esters,  the  same 
degree  of  substitution  jn  nitrate  raises  the'impact  value  to  10  inches.  In 
addition,  closer  examination  of  Figure  10  !p  55)  will  show  that  the  two 
points  below  the  curve  (DS  1.7  and  2.3)  Correspond  to  samples  with  low 
substitution  in  acetate  (Table  S,  p  42).  Thi!>  again  could  be  taken  as  an 
ir  iication  that  the  acetate  function  in  the  polyrfier  could  act  as  an  efficient 
staoili  relative  to  the  hydroxylic  function. 

Heat  Stability 

An  r-xamination  of  the  literature  reveals  that  many  procedures  h*avL-  been 
developed  to  evaluate  the  stability  of  organic  nit!*ates,  that’is,  their  resist¬ 
ance  to  spontaneous  decomposition.  Of  the  three  methods  currently  in  use, 
the  I3i.5  C'.  heat  test,  the  Bergrran-| unk  test,  and  the  Taiiani  test,  the 
last  was  considered  most  suitable  for  this  investigation.  This  ju.lgment 
rested  on  the  extensive  work  carried  out  jointly  by  the  I’nited  -Vates 
borcst  Products  Laboratory  and  Picatinny  .Arsenal  (Ref  on  the  stabilitv 
oi  cellulose  nitrates.  The  interpretaf ion  of  nkrate  .s'tabilitv  was  found  to  be 
strongly  dependent  upon  which  of  these  current  methods  is  used,  in  making 
the  measurements  ;,ince  each  is  differently  influenced'  by  a  number  of  vari¬ 
ables,  Htjwever.  the  conclusion  was  reached  that  the  Taliani  prcKc-durt 
provides  the  most  meaningful  interpretation,  of  nitrate  stability. 

• 

I  he  apparatus  and  test  procedure  adopted  some  years  ago  at  Picatinny 
.Arsenal  are  essentially  those  e  stal  lisiied  by  l^auling  and  c’o-workers 
(Ref  ^  i)  anil  desc  ribe  i  in  .i  Pure.iu  i>l  t*rduane'e  i^ubheation  (Re-f  isi.  In 
this  m.odified  Taliani  test,  pow  it  r  samples  arc  heated  at  1  lil  (  in  a 


tIoNc..  s»sti-m.  at  constant  \  oIumv,  unJcr  an  a tmi>sphc’rf  i>;  !>jtri>i;«  n  tvi  air 
ana  in  contact  with  gaseous  Jee omp<»situ»f!  prc>Jucts.  The  rc  lanct  stainlir; 
of  different  tomposirions  can  be  corrc  latt-a  bv  comparing  iht  ir  pressure  \  > 
finu-  curves. 

lilt  press'] a-t lire  curves  lor  a  series  ol  nitrate-acetate  mixed  ester  satii- 
ples  prepareJ  in  the  course  of  this  work  and  a  sample  of  the  starting  cellu¬ 
lose  nitrate  are  given  in  Figures  11  and  12  ipp  So  and  S'*  i. 

On  the  basts  of  an  examination  of  the-  thermal  behavior  of  a  numlx  r  of 
samples  prepared  through  acetylation  of  cellulose  nitrate  (Fig  1  lU  it  is 
observeo  that  four  evut  of  five  samples  tested  have  their  pressure-time 
curves  closely  grouped,  the  onset  of  the  accelerated  decomposition  rates 
lused  as  end  point)  ranging  from  120  to  minutes  heating  time.  The 
accelerated  decomposition  rate  for  the  fifth  sample  was  not  recorded.  F'rom 
the  shape  of  the  curve,  however,  it  could  be  tentatively  located  se  newhere 
between  400  and  500  minutes  heating  time.  In  contrast,  the  starting  cellu¬ 
lose  nitrate  has  its  thermal  end  point  located  at  3 sO  minutes. 

For  the  sake  of  clarificatioa.  it  should  be  remarked  at  this  point  that  the 
criteria  ccmmonly  used  to  express  stabilitv  on  the  basis  of  Taliani  pres¬ 
sure-time  curves  are  varied  and  somewhat  different  iicn  the  one  cho.scn  tor 
this  study.  In  general,  the  stability  is  expressed  by  quoting  the  slope  at 
a  given  pressure  in  millimeters,  by  recording  the  time  necessarv  to  reach 
100  mm  pressure  in  the  system,  or  bv  recording  the  slope  at  100  minutes. 
This  lack  of  uniformitv  in  expressing  the  thermal  stability  as  measured  bv 
the  Tahani  method  can  be  understood  from  examination  of  a  large  numlvr 
of  curves  obtained  for  various  compositions  susceptible  to  thermal  d.ctom- 
position.  The  profiles  of  these  curves  are  extremelv  varied  and  no  (.riierioii 
can  alone  satisfactorih'  describe  the  decompos ition  phenomena  tor  a  broa  i 
range  of  compositions.  For  this  studv.  howi  ver,  the  curves  have  in  gener.il 
been  characterized  bv  one  verv  sharp  ihange  in  the  rate  ot  gas  evolution, 
and  (he  time  at  which  this  i.hange  i>ccLr<,  here  called,  tiie  end  point,  is 
ottered  as  the  criterion  which  best  rellevts  the  therm. li  st.ibilitv  ot  the 
samples. 

The  unique  behavior  ot  tlu  samplv  labele  t  2  c.innoi  K  travt  d  to  the 
substitution  in  nitrate,  acetate,  nor  the  tin  e  ot  reaction.  (  onseijueiitlv  , 
this  ouli  be  taken  as  an  iniuatio-i  that  the  lower  stabilitv  ot  the  otiu  r 
samples  of  nitrate-acetate  mav  be  iiie  to  ,ai.s<.-s  other  than  striututa!. 
.Among  various  possible  v.uises  tor  tlu  low  ..tabilities.  the  stabii.-.u.  .i 
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JisUiU-.i  ■Aait-r.  lha:  ths'.  m'!.:  l-a'^i,'  aj-.  i-IJiiriM  uj  -tii;  thf  niauir 

ponion  t>t  tnc  ris;..iua!  atils  oi  tho  ■'an  pits  Aifh  a  rt-sy {tijij;  inipriu f'lii-n: 
in  s(4hi!!fv  IS  Atl!  iliustratca  in  lanlt  S  p  i'-.  Hima  itr.  no  .issuraiiti- 
tan  Ih‘  iiittn  ihat  rhf  amount  oi  hast-  or  fi-nt-  of  rr-.-atmciu  was  cxtonsi-.t- 


t-nou^h  Hi  remove  ai!  rt  si,!ual  at  i  !  in  the  sanip’t  s.  Anotfu  r  aspt  t  c  to  t  viii' 
siUcr  Is  tnc  'acf  th..'  the  niixt  i  t  sttr  sanjplus  tvere  rrepart  J  in  the 
presontf  of  nicthv  Iftte  t  hlon.le.  It  ts  conttivabif  that  in  spite  of  drvinK  tif 
the  proaucts  a  small  amount  oi  rt-si  iua!  solvent  cemlJ  have  ea.sllv  escapeJ 
removal.  This  hvJrophobic  solvent  eouiJ  have-  acted  as  a  protective  shell 
fe>r  srcall  amounts  e>i  acid  Jurina  the  stahi! i/.it ton  treatment. 


Only  three  samples  of  riitrate-at eiate  ".used  esters  prepared  bv  the 
alterna;c  synthetic  roure.  i.e..  nitpattoii  of  cellulose  acetate,  were  avail¬ 
able  for  thermal  stability  studies.  As  is  in  iuaced  in  Table  st  ip  He  one 

s 

of  the  samples  sheHvs  a  stahlitv  at  least  as  good  as  that  id  stahili/.e.i 
cellulose  nitrate  while*  the  second  pi'.es  no  sinti  of  decomposition  up  to 
400  minutes  oi  heatinp  time.  The  end  point  for  the  third  samples  is  com¬ 
parable  to  the  end  points  observed  uitii  the  four  samples  prepare:,!  bv 
acetylation  of  celiulose  nitrate-.  Althoach  there  is  apparentiv  some  cor¬ 
relation  between  the  thermal  stabilitv  values  feir  tliese  three  sample-,  an  i 
their  substitution  patterns,  in  the  liylit  of  trie  precedini;  discussion  an  i 
the  limited  number  of  tests,  there  .loe-.  ni>r  seem  to  be  sufficient  iustilica- 
tion  for  sup^esrintr  that  this  correlation  is  .oe.ii. 

Combus*ible  and  Consumable  Cartridge  Cases 


IJthen  this  study  was  initiate  !  one  irnport.’.iu  obieeti'.  e  a  as  to  investipate 
the  possihilitv  ot  applvinp  these  ctlUilose  n  itrate-.u  etate  mixed  esters  as 
substitutes  for  cellulose  nitrate  in  the  ma;  ufacture  id  coinbustibli-  and,  con¬ 
sumable  cartridpe  c.ises.  It  was  rt  asone  !  tiiat  flu-  presence  ot  acetvl  proiips 
in  the  polymer  mipht  r.iise  tlu  del lairi'ation  remperature  an  !  censeouentlv 
eliminate  "eook-oti  "  iurmp  lontinin.U'  tuinp.  b  urtliermore.  rile  presence 
o!  acetvl  proups  louid  pos'-ihlv  irnpro'.e  iunii  rhi-  thermal  stabilit'.'  an.i  the 
storape  stabilitv  of  rite  case.  On  tlu  luiu  !;atvd.  the  residue  on  ipnitlon. 
which  is  of  tund.imental  imj'ort.iiKi  ii;  .e'  .tion  witli  c.irtridee  case 
applications,  would  ol  i  ourse  itutiai  .ii  n  .ub-.ti  tut  inn  ot  a.  1  proiii 
b.viiieiulv.  tlu-  upper  tolerance  limit  m  ,\o;it  o!  suiistitu'ion  e-  expiitei 
to  be  somewhat  low  lor  true  i  oinbusti ;>i..  .  e.'iiice  «  ases.  while  lor  con¬ 
sumable  I  ases  tills  limit  could  be  i,tisi  i  to  I  on  ■■  1  !( ra's ,  hictur  '.allies. 


t  onst-quciuly,  in  a.l  iitii>n  ro  rht  mtornufuin  alrca.iv  pro\  iJt-d  on  flit* 
mtch.intcal  and  thtTirsal  proptriiLs,  it  st-t-Fni- j  pt-rtiiu-nt  to  include  the 
results  of  tests  done  on  the  explosion  temperature,  the  heat  of  explosion, 
and,  finally,  the  residue  on  ignition. 

Temperature  of  Explosion 

The  temperature  of  explosion  was  determined  on  four  samples  ot  cellu¬ 
lose  nitratcacetate  mixe-d  esters  ce>vering  a  w  ide  ransie  in  suhstiiutuin  and 
on  three  samples  of  cellulose  nitnte  having  degrees  of  substitution  of 
2.1.  2.^,  and  2.8.  The  determinations  were  carried  out  bv  means  ot  the 
standard  test  (Ref  ^0)  which  simply  consists  of  immersing  hollow  copper 
cylinders  loaded  with  5  mg  of  sample  into  a  metal  bath  maintained  at  the 
desired  temperature,  and  recording  the  time  at  which  an  espiosion  of  flash 
occurs.  Although  it  has  been  common  practice  ‘o  use  20  me  of  sample  tor 
this  test,  the  results  iiscussed  in  this  report  were  obtained  fftnn  deter¬ 
minations  done  on  "i  mg  samples.  The  smaller  samples  were  used  K-caust- 
the  amount  of  material  available  was  limited.  However,  since  it  has  been 
previously  reported  (Ref  42)  that  the  time  to  explosion  is  verv  nearly  inde¬ 
pendent  of  the  size  of  sample,  it  is  believed  that  the  results  are  not  af¬ 
fected  by  this  modification. 


The  temperature-time  curves  are  given  in  bigures  M  and  1  i  (pp  and 
sv>).  Mach  point  on  the  graphs  represents  an  .iveragc  of  five  deterniinations . 
I’he  average  standard  deviation  for  ttie  low  temperature  (21!)  (  )  deterniin.a- 
tions  w.as  lO^'r  while  for  the  high  temperatures  i2*'{)  (  '  with  short  time  to 
decomposition  the  standard  deviatum  amounted  to  12  ■.  This  reproduvi- 
bilitv  across  the  whole  range  of  temper.itures  is  considered  exceptionalK 
good,  when  the  cruditv  of  the  tectinojiu  is  tonsidered.  The  plots  obtained 
with  the  three  types  of  celluU'se  nitr.ite  *l  ig  H'  are  indicative  of  an 
expimential  function  with  an  asvmptt'iH  v.iliie  estimate  1  sonu  wluie  betw^■eI) 
200  and  2U*  (  .  Ihe  nitrate-aeetaie  mi\e  !  esters  (big  1  I'  give  similar 


curves  with  the  exception  ol  tin  s.iiuple  w  tiii  the  higlii  st  act  tvl  content. 
In  this  last  instance,  the  asvmptotu  value  app.uentlv  lies  dost  n>  2.’i)  ( 
In  fact,  the  results  at  this  temperatu-e  were  verv  erratic,  violent  de^  om- 
posttton  being  observed  at  12  st  ton  Is  lot  some  olett  rminat iims ,  while  at 


other  tunes  there  was  no  sit-n 


iT'on  after  vi  si-ionds  immer¬ 


sion. 


The  asvmpii'iic  values  quoted  Irom  th.  •>  txpirimeius  mav  not  r<  present 
the  Itivvesi  possible  explosion  Kmptr.iiiUs  li>r  the  t  ompoun  e-  ui..i. 


Thi  v  slu>ul  !  bi-  rvi:ar^itvi  rtfri  st s: ;a?!',  c  oi  jIu-  r<.!au\i  v-a'^i-  '>vs!h 
\\hnh  thc''C  co!fipi»uiuis  rt-acl'.  uiici'nfoIlaMc  iiir'mposiriaii.  I  tii'^  opiiniM! 
has  alrca  iv  brcn  cxpiusst-J  !n  Hfikt!'.  asi  i  Vii  ti!!!  ilu  f  f?  ni  ilr  ir  part  r 
1)11  ttu  rau  s  i»J  JfLomptjs i! u>ri  oi  t.xf'K’-'i •,  i  s. 

All  sampk  s  oi  loHuIoso  nitrati-aiot.i.'o'-  iitlL-ri-.i  Irom  fho  ^'a'li,  k  >1 
Cfllulosc  nitrate  iti  their  ttiern.i!  bt  havior  in  one  niaior  as(Hv  i.  'ifiile  the 
samples  oi  eellulose  nitrate  !itera!l\  t  xpK'  ie.i  "'r  .!eilai;:.ri- i  ai  tlu-se  tem¬ 
peratures,  tile  nitrate-acetate  niixe.i  esti-rs  .ii,i  not  ipntte  but  r.ittier  exliib- 
iteJ  decomposition  with  evoiutii'ti  oi  smoke,  l.his  dittereiici-  in  behavior 
between  cellulose  nifates  and  cellulose  nitrate-acetates  even  with  low- 
substitution  in  acetyl  can  perhaps  be  explained  in  the  light  o!  the  intorma- 
tion  available  from  the  literature.  It  has  been  known  for  some  time  that, 
when  cellulose  nitrate  is  heated  above  Ibd  t  .  it  will  ignite  alter  a  short 
induction  perio.l  <Ret  sO).  This  induction  period,  called  "time  lag  to  igni¬ 
tion.’’  has  been  found  to  obev  an  Arrhenius-type  .i-elatiotiship. 


It  has  often  bc-en  suggested  that  the  controliing  reactii'ti  in  the  complex 
decomposition  process  is  the  dissociation  of  the  nitrate  grouping.  Study 
of  the  thermal  .ieconiposition  of  cellulose  nitrate  by  »liiferent ial  thermal 
analvsis  (Ref  i^)  seems  to  bear  out  this  hvpothesis.  1  lie  tfiernuigram  ex¬ 
hibits  a  sharp  symmetrical  ext'therniic  peak  m  the  Ifil— k’d  (  region. 

Other  organic  compounds*  containing  the  nitrate  group  (for  example,  tiie 
pc-ntaerithritol  series'  show  similar  th<  rmograms .  However,  the  iecompo^i- 
titin  of  cellulose  nitrate  ilot  s  not  alwav'--  le  ad  to  ignition.  (  hurehii!  an  1 


sistentiy  atul  have  concluJe.i  tnat  oxi.ia 
the  mecli'atiism  of  igriition.  (  onse.jueni"; 
acetate  samples  decompose  in  a  iashioii 
as  is  indic.rted  bv  the  -.imilaritv  ol  tin  ; 
and  S'*',  the*  tornu-r  suppressi'->  icnHiou. 
acid  into  the  atmo^plu  re  above  th-.-  -..uni 


h  is  not  probable,  however,  that  .u  i  '!. 
iissoii.inon  ot  till  ai  i  t.ite  ero.i('.  I  in  i 
viel!  iiii'..i(iira(!on  an  i  ,i..etK  .u  i  i  !<■  : 
the  ni  igliborhoo  !  ot  ID  (  .  .\Uo.  ‘.MU  d 
losi-  (ri.uit.iti  Ket  ^  '  eivi--  .i  t!i:r"i.'.- 
l.ir  exothermu  pi-.ik  vvitli  the  m.iximu'n 


xampU  . 

i  h  a  t 

un  ier  .1  s 

rreani  or 

rdlulose 

does 

nor  igniti 

ci'n- 

li  re-acni’in-.  ai 

e-  control! 

itiV  in 

'!  Ithou  eh 

the-  c 

eliidose  ^ 

mi  iar  to 

ih.lt 

ol  celhilo^ 

-e  nitr.i.te 

Vrs  in  [■ 

igure 

s  i  ^  ,ui  i  ! 

!  i  M’P 

■•‘■iblv  h 

V  the 

rele.i'-e  o 

't  .K  t,  I  K 

w  hi  ill  c 

ou !  .i 

ch.inei  th 

e  i  oni- 

:  it’ll  It  I.' 

n . 

i  ,  1  i  'V  Oil 

1  i  bi 

: e ! e,i SI  .; 

t  hrv'U  ril 

■Iv-i.  ot 

o;  .•,111! .  ,1.  i  t.M 

1  .  U' 

i'-.  v  0"U 

'  !  c 

nit;,  .in  r  o 

'ill  :n 

i.il  •tier-; 

i.i ;  .u 

;  .1 1 V  ■  1  s  el 

,  . '  S,  . 

’i.ir.u 

ti  M/l 

:  bv  1  i'ti 

'.i  '.  :  1  t 

Ml  i  ,D  !  '  I  .  ' 


iation  ot  acL-tatt-  groups  in  ci  IiuKKt  nit raft-acttaR  at  the  tempera¬ 
tures  use.!  here,  210—2  0  (  .  would  be  expected  to  be  negligible  .  A  sec¬ 
ond  possibility,  however,  would  be  that  acetic  a^id  is  released  during  the 
initial  phase  of  the  decomposition,  through  acid  h/droly.sis  of  the  acetate 
groups.  This  hydrolysis  would  be  promoted  by  the  presence  of  a  small 
amount  of  water  in  the  sample.  At  these  temperatures  and  in  the  presence 
of  water  and  acidic  oxides  of  nitrogen,  hydrolysis  could  proceed  extrcmelv 
fast.  The  saponitication  of  cellulose  acetate  by  a  solution  of  nitric  acid 
has  been  shown  to  proceed  with  an  energy  of  activation  of  14.4  Kcal  mole 
(Ref  44)<  Evidently,  the  hydrolvsis  would  become  immeasurably  fast  at  the 
temperatures  used  in  these  experiments  <  Ref  4''). 

From  these  considerations,  the  mechanism  for  the  thermal  decomposition 
of  cellulose  nitrate-acetate  mixed  esters  as  carried  out  under  the  condi¬ 
tions  of  the  explosion  temperature  test  is  tentruively  submitted  as  pro¬ 
ceeding  according  to  the  following  sequence  of  events;  the  nitrate  groups 
are,  upon  absorption  of  heat,  dissociated  for  possibly  hydrolyred)  to  pro¬ 
duce  nitrogen  oxides  following  the  same  kinetics  of  decomposition  as  are 
observed  with  cellulose  nitrate.  After  only  a  small  amount  of  these  nitro¬ 
gen  oxides  are  formed,  the  fast  hydrolysis  of  the  acetate  groups  occurs  to 
form  acetic  acid,  which  is  released  above  the  surface  of  the  sample.  The 
presence  of  acetic  acid  in  the  gas  phase  would  result  in  a  dilution  effect 
in  the  mixture  of  oxygen^and  the  reactive  gases  which  wouLd  interfere  with 
the  oxidation  reactions. 

Some  verv  interesting  infoimation  was  obtained  when  the  data  of  b  ig- 
ures  H  and  1  }  (pp  ''S  and  were  fitted  into  an  Arrhenius-t\  pe  equation. 

L  A  o  '  f  1 

•  I 

il  linu-  l.i!';  rn  Ignition 

1.^  eiierg'.  >'t  .letiv.ition 

A  frcquciu f.iLtur 

I  .Hi;  >’  _  ....  I  .ill;  A  ■  i  S ' 

PK'ts  ol  !('i;  "  versus  tin-  ri  t  iprot  ai  ol  .ib'M'iiito  tempi  rai ure  tor  l  eMuiiiso 
iinraii  s  .i:i  1  i  i-lhib'ie  nitrati -.i..‘et.Ue  mixed  esters  \  ie!  i  tht  eur\i  s  sh(n\  n 


!  ’  ;r  .ini:  Iru  .rr.Mdir  hnt-.  a .u-  !  r- 

the  nirthoi  uj  jv.isr  snu.ir.s.  In.-  .nt-rru-  .»f  ^^ir.^uon  h  .ri  i  rr--  f'. - 

..r.  .aL.l.u-:  .n  I  rh.  .r.  ..un  in  1.,:,;.  / 

?  (.  .  .Ai.w!riini;  to  jiu-  f.^.i  on  ,  ^  Hui.is..  mfr.irt-.  both  tru-  tfur-n  .>»  u-i- 
v.inon  .,ni  rhv  tr^niioru;  In. -o:  h.^o  ^aluv.  r-.-p-*' no„a !  to  -.uh.nru-un 
<”  i.nrafo.  I  ins  i.  m  contra  •u  fion  to  the  results  reporte  i  fn  M.  nkin  an.! 
Met, ill  H.-I  i  M,  Ahu  ohseru  i  that  'wo  sampk  s  of  ce!lu!os.  nitrate  oi 
ieprees  of  substitution  of  ,  an  i  J.s.  rt  sro.tivelv.  were  characterise  i  in 
the  same  enerstt  of  activation  of  26.'  K.ai  Kef  ill.  However,  the  mairni- 
tu.ic  of  i:^  founi  in  me  r'esenr  work  2'-^ti  Kcai'  is  comparable  to  this 
value  of  :t,.s  anJ  in  turn  binh  values  are  substaiitiallv  lower  than  those 
founj  in  the  theri.iai  lecompos ition  of  nitrate  esters  m  eenera!  which  ie- 
penJinir  on  the  nitric  ester.  rangeJ  from  st,  :o  ^f)  Kcal  mole.  These  i.ist 
values  ure  associate.:  with  the  enertv  require,!  for  rhe  fission  of  an  ()_\ 
bon  j  in  .pEreement  with  the  value  of  K.  a!  reporte.i  for  the  Jissociation 
t-ncTEy  ‘  f  the  ()-\  bona  from  spectrosce^pie  lata,  similariv.  the  temperat  ire- 
injepet-ient  factors  'At  observe  j  tor  e  thermal  iecomposition  of  nitrate- 
esters  are  of  an  or.ie-r  of  macnitu.ie  ^  ]ii‘-  I'l’-'i  sipnificantlv  hicher  than 

those  ol'serve  i  in  the  pre  seta  work  fo'  ccHulose-  nitrate  !!i*  -  pP-  .  f  on- 
sequently,  one  woul  !  be  more  lustitrei  in  rec-ar  iinE  the  mechanism  i»f  le- 
cotnposition  of  cellulose-  nitrate  an  I  .itiie-r  nitrate  esters  un  it-r  the  condi¬ 
tions  of  the  e.vplosiiMi  fi-mpe-rature  test  as  provee  iiriE  through  liv.iri-.lv  sj-^ 
of  the  nitrate  function  rarlu-'  th.iii  bv  a  simple-  tiu-rma!  iissiociat ie>n  i*t  the 
O-.W  ll)i>  view  appeo.rs  well  toun  b- i  -wiit-n  one-  eiUisi  ie.fc.  rhat  ilie  ic'iva- 
tion  eiie-rE'.'  for  the  li,  Jrolvsis  itf  alipici'i.  ni'rate-  --ster-'  'arij;i->  betwie-n 
J  1  an  i  2S  Ke  a!  niuie-  Ke  f  oo. 


1'.  X  a  m  in  at  ion  of  lat'ie  i  .t  re’,  s-als  rh.i'  tne  ai  tr.  anon  eturev  I'  » 

irequenev  f.ic  tor  -\  '  values  tor  'tie  Ib.ilo.i  n  it  rate-- av  e-t  ate  sanipli 
macnituies  v  i>mpar.eb!e  tc'  the  -.alues  oi-i  r.-it  i  with  v  t-1 
that,  i  xe  e  pr  for  oiu  sami'b  .  the  -.hi!’  ■  ;ri  th  ^  .mi  v.ilues  Ii't  t: 
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nitrj't  i'f  'hi  sanif  .fibril  of  sa!''»ritu' J<«:i  iii  Js.tr.ui  iToa;'*'  'l  i-.ir 

the-  f\pioNii>n  ft-niri-rarurt . 

Heat  of  Explosion  on<|  Residue  on  Ignition 


The  heat  of  explosion  anj  the  re'^iJue  in  ignition  »ere  .ietermint  j  for  a 
few.  samples  of  the  cellulose  nitrate-acetates.  The  results  of  these  tests 
are  given  in  Table  11  tp  i‘'i.  All  samples  burnei  under  an  inert  a'mosphere. 
The  lowest  value  ca!  e  tor  i-v-responis  to  a  sample  contain¬ 

ing  DS  1.1  N(),i  anJ  I)S  1.8  O^ct.  The  res! due  on  lenition  tor  this  samplt 
IS  eviJentlv  ii'o  high  for  it  to  bi-  consi^tre  i  .js  a  poNsibii-  ^  an  tidate  fi'r  a 
truiv  combusfihli  cariri  igt  mafenai.  It  a  -l-!  i  aprear  that  u  llulost  nnr.iti- 
acetate  mixe.:  esters  conratning  up  to  otu  acetate  croup  pt:  a'lrr.  irogiu- 
cose  amt  could,  un  ler  gun  firing  coniitioris.  give  clean,  burning  wuliout 
the  formation  of  excessive  smoke, 

EXPERIMENTAL  PROCEDURES 
Nitration  of  Cellulose  Aeetote 


Cellulose  acetate  CO  g.  0.0“^  mole'  of  acetc!  content,  corres¬ 
ponding  to  a  1)8  of  .’.i*',  was  aJ  led  to  •,  '■!  ml  o*  i  Ky  weitrht  nifrii 

aci.i  and  the  mixture  was  kept  at  ro. 'li!  sifr'eratun  ti’r  sixteen  ru'urs  with 
occasional  stirring.  .\t  the  in  i  of  tins  pirio.i,  itn  mixture  was  poure  i  with 
stirring  into  d  liters  of  water  cotitai’iniii  iraikei  lie.  The  pri'iiut  w.is 
Isolated,  bv  filtration  and  w.ishei  i»n  the  trl'er  with  •istilK  i  watir.  liu 
product  was  then  hoiU  d  for  i  liours  iti  w.iti-r  an  ;  tor  an  a  i'itiinia'  i  liours 
111  a  O.ni  M  aquii'us  .^oiuiin  larbona'i  soIuro'D.  ant  w  .i--  tiRti  ii’tire;  .in: 
furthiT  washedi  witii  iistiUrd  water,  liu  'roiui!  w.is  ’net  hi  hea'i'ii:  a* 

(  tor  Vfiours  until  reiuiet  pres  . an  .  An.ihsis:  N.  '.sS  .  (  H  ,(  (>, 
lU', ,  (  orri  s pun  is  i  .>  (  ,  (I  - 1  ^  H  .*  *  *  ,  .it,..  1  li i  '  i  x  jv  rs na  n' 

w  .IS  rt'peate  i  at  liu-  s.mu'  ft  ■npera!ur<  i’tit  witi-.  na.t'on  tr’a  s  ,o  i  .lu  ; 
hours. 


Acetylation  of  Cellulose  Nitrate 


I  ii  i  e llul.'  .(  II  ir rati  '■ .  >  c.  d  ' 
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pro  dm  I  w.is  I'.olait  i  Pv  til'r.ini 
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Liilor:  it',  jir  :ht  n  ^tasht-  l  ttifh  .i  ijtoj-,  ‘xii.iiuni  t  .irht»aatf  .lai.  !:n- 

j1!\.  uith  ii-NnllL  :  v»art-r.  Atft-r  :hf  piviatt  ^tas  Ksslf  i  ft>:  i  }u>ur'.  i:i  vi.ift: 
loUi’saf.i  4  ?ii>urs  bi'il  !n  a  >.'*1  M  .lijjfi’u--  tarS'iia't  si'lafii'a.  u 

was  tihtTf  .i  .m  i  iurtht-r  washt  1  wirh  i  water.  I  hi  pro  iui  ?  was  irie  1 

h'v  ht-aritst  at  '''  (  Jor  ^  hours  unit-r  rc.ijvf;  prtssurt.  Analvsis  N.  II.Jj 
(  il,(  (  orrt  spois  is  to  (  H ‘  ^  ..  In  a  roiriil't  ' 

of  t-xpcrinit-nts  the  tollowinit  parameters  wire  tarieJ:  time  ot  re.utron. 
acetic  anhv.iri  ie  content  an.l  perchloric  av.  i  i  content. 

X-roy  Diffraction  Photographs 

The  X-rav  iiifitaction  patterns  were  oStajne  l  ir<en  ..  Hhrlips  Klectronic 
(  orporation  X-rac  unit,  with  (.  a  tarpet  an  i  Nr  triter.  1  he  pow  itre  i  samples, 
tnouRteii  in  a  capiUarv  an  i  rotatei.  were  exposeJ  tor  !  )  hours.  !  he  meas¬ 
urements  were  ,ione  following  the  I'e-bve-Scherer  technique. 

Viscosity  Determination 

Reat’ent'pra.ie  acetone  w.is  jurther  pariti!  i  b.  keeping  it  overniitht  over 
potassium  permariirariate  lolio'we  I  be  iis;  ill  .•.non  over  calciu.'n  suliate.  1  he 
distillate  was  kept  over  (akium  sultate  overniciit  .mi  tfien  iistille.i  inr.i  a 
drv  flask  and  store.i. 


Dilute  solutions  ot  the  samples  m  aceto'u  1  crai;  per  liter  '.\eri  re- 
pared  and  their  visCi'sirv  was  ieter  nine  i  ni  a  (  ann.iri-I  ia  eio't'.i  >  isi  omert-r 
at  2*)^  ■  ''.1  ’k.  Tile  relative  v  isiosirv  v  aiut.  loiiii  '  at  tnis  <.  om  entr.itiini 


was  then  enti  re  i  into  riie  H,,ki  r-l’hil'.p  ’tl  e  juarion  I'ljuaMoii  to  cr.  e 
intrinsic  viscositv . 
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Tensile  Strength  Measurements 

Prepnrotion  of  Films 

.A  weight' j  .|uanti!v  ot  each  sample  was  jisscl\e.i  ;r.  reagent  graJe  ethvl 
acetate  to  fornri  a  6.  t  solution.  Hv  means  a  '.'ariablt  thickness  sprf.iit 
the  solution  was  sprcaJ  on  a  lt>-bv -.'n-mc  h  glass  plate  which  haJ  been  {'re 
'■lously  thoruughK  ckaneJ  .»n.i  raaJt  t?«-e  (»t  lust.  The  s(‘l'.eiit  was  left 
evaporating  at  room  temperature  o\eriiieht.  A  trickle  of  water  was  then 
poured  on  the  dry  lilm  to  facilitate  its  removal  from  the  plate.  I-bv-‘^-inch 
strips  of  film  were  cut  with  a  se.'.|'!e  knife  and  conditioned  for  twi>  weeks 
in  a  room  maintained  at  2^  (  and  rc  relative  humiditv.  '^nly  f:!rris  having 
thicknesses  between  O.nOI  and  d.fitilS  inch  were  used  for  tensile  strength 
measurements. 

The  individual  strips  of  film  were  puilel  in  a.  recoi  lini:  instron  tt  n-^ile 
tester  with  a  VJ-pouni  scale  load  and  cross-head  and  chart  speeds  of 
2  inches  per  minute.  The  distance  between  the  iaws  was  kept  at  2  inches. 
Fifteen  strips  of  films  were  puiled  for  each  sample.  Those  films  which 
showed  evidence  of  slippage  or  which  broke  at  the  iaws  were  not  included 
in  the  results. 

Impact  Sensitivity 

This  test  was  done  with  a  Picaiinnv  Arsenal  apparatus  on  s-nig  quanti¬ 
ties  of  sample  for  each  trial.  The  procedure  is  describe.!  in  detail  :ii 
Reference 

Heat  Stability  Test  (Talioni) 

The  apparatus  and  test  {>roce  lure  adopted  for  .ieterminmg  the  i.ites  of 
decomposition  at  I  Kf  (  art  described  in  Reference  Ihe  powdered 
samples  fO.lOO  gl  were  heated  at  110  <■  in  a  closed  system  at  constant 
voluri'f,  under  an  atmosphere  of  air  and  in  contact  with  the  gaseous  .letoni- 
position  products.  F.\erv  half  hour,  the  pressure  ievelopc.i  in  the  svitem 
•was  recorded  in  millimeters,  b.ach  sample  was  run  m  iup'ic.ite.  As  is  men¬ 
tioned  earlv  in  this  section,  the  sample  s  ha.i  been  previousK  stabili/e  i  be 
boiling  for  .'i  hours  witli  a  U.ol  M  aqueous  solution  i'-f  so.iium  .arbon.itc. 

Temperature  of  Explosion 

Ihis  proci-.lure  is  iesirihe!  in  let. ill  in  Ketcrciui  V).  Icn  liollow  i  op- 
per  evliniers  ;No.  S  commetci.i!  blasting  i.ips'  wi-re  !o.i  led  with  (..'los  ^ 


i)f  powdert  J  samplt-  each  and  the  samples  At-re  compacted  ^cntlv.  The 
loaded  caps  were  then  immerse  1  in  a  nieral  hath,  and  the  temperature  and 
time  of  immersion  required  to  cause  each  to  flash  or  explode  was  reci'rded. 
The  apparatus  consisted  of  a  multiple-unit  electric  turnacc,  equipped  with 
a  rheostat  to  control  the  temperature-  and  a  calibrated  thermocouple  im¬ 
mersed  in  the  molten  metal  bath.  The  bath  itself  consisted  of  cc  of  an 
allov  (mp,  C)  of  the  following  composition:  bismuth,  2*'  ‘  lead. 

]2.‘)‘'c  tin,  and  12. cadmium. 

Heot  of  Explosion  and  Residue  on  Ignition 

These  determinations  were  done  on  d-O-g  samples  using  a  regular  Parr 
Calorimetric  stainless  steel  bomb  of  ml  capacity.  The  samples  were 
exploded  under  helium  at  a  pressure  of  thirty  atmospheres. 

Nitrote  and  Acetate  Determinotion 


An  analytical  procedure  based  on  infrared  spectroscopy  was  developed 
tor  the  quantitative  determination  of  nitrate  and  acetate  groupings  in  cellu 
lose  nitrate-acetates.  .Accurate  weights  of  the  samples,  previously  dried 
under  vacuum,  were  dissolved  in  speciro-trade  tetrahydrofuran  to  make  an 
approximatelv  0.5’'^  solution.  The  Jetertninations  were  done  on  a  Ferkins- 
Elmer  Double  Beam  Model  21  spectroplunometer  equipped  with  sodium 
chloride  optics.  The  solutions  were  fransterred  into  calibrated  cells  with 
lead  spacers  and  compensated  with  pure  solvent  in  the  reference  beam. 
The  peak  heights  tor  the  absorption  ban  is  at  0.1 ( It  lU  cm  ^  i  .ind  s.  ,, 

( cm  )  were  measured  and.  from  c tvnp.iri sons  with  standar d  curves 
established  v.ith  cellulose  nitrate  and  cellulose  acetate,  the  concentra¬ 
tions  were  calculated.  The  concentrations  e;^pressed  as  percent  NO,  ami 
percent  Cdl,CD  can  be  converted  to  dc-gret  i>f  sunstitution  hv  means  of  the 
simple  relation 

i>siN(),j  'I'M 

H  fst) 

1)S((K,(0, 

K  le. 

f'ercent  f>v  weight  ‘U  ;:itro  group  m  s.inij'le 
peu  ent  (>v  weight  ot  iietv!  group  in  s.iniple 
pi  n  eni  l<v  weight  .  t  o  si due  <  ,11-0,  in  sample 
100  -  \  -  V 
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table  1 


Acetylotion  of  S.O  g  Cellulose  Nitrate,  l?.3*^  Nitrogen  (DS  2.3) 
Solvent:  Methylene  Chloride  (Reflui) 


Acet'c 

Anhydride,  a 

Perchloric 

T  ime. 

Substitution 

Sample 

Added 

Staich  lometry  * 

Acid,  ml 

Hour  i 

Nitrote 

Acetote 

T  otol 

1 

i.O 

1.6 

o.:o 

0.' 

0.^ 

2.6 

T 

1.0 

1.6 

0.20 

1 

2.^ 

0.4 

7  - 

•i.  •  ' 

S 

1.0 

l.'i 

O.OH 

(') 

0.4 

2.6 

4 

1.0 

1.4 

0.0  1 

10 

0.  4 

T  - 

s 

1.0 

0.08 

16 

0.5 

">  — 

6 

:.o 

1.6 

0  20 

20 

S  ■> 

0.8 

5.0 

- 

2.": 

1.“; 

i,.'0 

6 

>  > 

0.8 

5.0 

8 

:.s 

l.'S 

0.!') 

16 

2.0 

1.0 

5.0 

9 

20.0 

l.-l 

1 

O.H 

■)  1 

5.0 

10 

1.0 

1.^ 

Xt'ne 

6 

2.^ 

None 

2.5 

1 1 

1.0 

20 

Xnnc 

2.5 

i: 
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1/ 

0.20 

16 
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TABLE  2 


Acetylotion  of  5.0  g  Cellulose  Nitrote,  13.  l®c  Nitrogen  (DS  2.6) 
Solvent:  Methylene  Chloride  (Reflux) 

Acetic  Arhyjride  Perchloric  Time,  Substitution 


Sample 

Added 

Sto ic h  iometr y  * 

Ac  id«  fn| 

Hour  $ 

Nitrate 

Acetote 

T  otal 

1  < 

:.(} 

1.0 

0.20 

I 

>e  t 

0.(. 

Ij 

2.0 

1.0 

0.20 

_• 

>  > 

O.'I 

2.8 

2.0 

1,0 

0..() 

> 

2.2 

0.' 

16 

2.0 

1.0 

0.20 

< 

2.  i 

O.-' 

2." 

r 

2.0 

1.0 

.0..’0 

2.4 

O.f, 

’■.0 

18 

2.0 

1.0 

0.20 

{ I 

J*  ^ 

0.“^ 

^.0 

19 

2.0 

1.0 

0.20 

2.^ 

O.S 

2.8 

20 

2.0 

1.0 

0.20 

9 

2.4 

0.6 

21 

2.0 

1.0 

o..^o 

1  1 

2.^ 

0.0 

22 

2.0 

1.0 

0,20 

12 

2.4 

o.f' 

'.0 

2^ 

20,0 
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0.20 

I 
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;/) 

24 
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TABLE  3 

Nitration  of  Cellulose  Acetote  (D$  2.5)  at  Room  Temperature 


Substitution 


Somple  Reaction  Time 

,  Hours  Nifrofe 

Acetote 

T  of  ol 

:‘i  K. 

1,1 

1.6 

■»  ~ 

>0  16 

1.1 

l.~ 

2.8 

16 

1.1 

1.8 

2.9 

32  24 

1.4 

1.3 

2.9 

33  '2 

m 

1 

0.^ 

2.9 

TABLE  4 

X-ray  Diffroction  Study 

d(A)- 

Inten  sity 

Cellulose 

''.=.0 

broaJ 

S8() 

M 

S.IH 

M 

1.30 

M 

3.80 

\’VS 

2.‘3-' 

M 

Cellulose  Acetate  (DS  2. 1^) 

v.l  1  (Halo) 

M 

M'S 

M 

3.83  (Halo) 

M 

3."(. 

M 

Cellulose  .N’itrate  (DS  2.1) 

9.9  3 

'i-  broau* 

O.'iO 

\'\'S  bro.ivl 

3.86 

M  broad 

3.4  1 

M 

2.96 

W  sharp 

Cellulose  Nitrate  (DS  2.3) 

11.  t8 

bro  ad 

6.  j(>  , 

\  \ >  broad 

3,8  S 

M  broad 

3.2  t 

M  broad 

2.()S 

sharp 

('ellulose  Nitrate  (DS  J,S) 

1 1.  1' 

W  broad 

f'.sj 

\  \  S  broad 

3.H.'> 

\1  broad 

3.(0) 

sharp 

3.  )() 

M  broad 

2.' 

3^  sharii 

(  ellulose  Nitrate- Acetate 

(  .  1 1 

\  \ 's  broa>i 

(  D<  2.2  (-1  DS  0.  n 

C.'O 

M  tr,,.,d 

2,0(, 

33  sh.irj- 

<  ellulose  Nitr  ite-Ace'ate 

’Ml  Halo 

\1 

(Ds  I.SWDS  1,0) 

3.S1I  (Halo  ’ 

\1 

(  ellulose  Nitrate- Acetate 

".()''  (Halo) 

\l 

(DS  I.l)-iDS  1,0) 

3.8(1  (Halol 

\l 
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TABLE  5 

Degree  of  Polymerization  of  Cellulose  Nitrate* Acetote  Mixed  Esters 


lOSl- 


TABLE  6 


Rote  of  Oepolymeri zotion  During  Nitration 
of  Cellulose  Acetate  by  Nitric  Acid 


P  eriod 

Time,  Hours 

Rote  Constonf.  k,  Hrs 
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TABLE  8 


Impact  Sensitivity  of  Cellulose  Nitrate- Acetate  Mixed  Esters 


Degree  of  Su 
tf  ttrote 

b  stilution 

Acetote 

linpocl  Sensttivity, 
in.  2I«9 

fi.: 

(i 

■> 

O.' 

lu 

I^.S 

10 
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